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ABSTRACT 
 
This work investigates the non-linear elasto-plastic and visco-plastic behaviour of lead 
free solder material and soldered joints.  Specifically, Finite Element (FE) tools were 
used to better understand the deformations within Ball Grid Array solder joints (BGA), 
and numerical and analytical methods were developed to quantify the identified 
constituent deformations.  FE material models were based on the same empirical 
constitutive models (elastic, plastic and creep) used in analytical calculations.  The 
current work recognises the large number of factors influencing material behaviour 
which has led to a wide range of published material properties for near eutectic SnAgCu 
alloys. 
The work discovered that the deformation within the BGA was more complex than is 
generally assumed in the literature.  It was shown that shear deformation of the solder 
ball could account for less than 5% of total measured displacement in BGA samples.  
Shear displacement and rotation of the solder balls relative to the substrate are sensitive 
to the substrate orthotropic properties and substrate geometry (relative to solder volume 
and array pattern).  The FE modelling was used to derive orthotropic FR4 properties 
independently using published data.  An elastic modulus for Sn3.8Ag0.7Cu was 
measured using homologous temperatures below 0.3.  Suggested values of Abaqus-
specific creep parameters m and f (not found in literature) for Sn3.8Ag0.7Cu have been 
validated with published data. 
Basic verification against simple analytical calculations has given a better understanding 
of the components of overall specimen displacement that is normally missing from 
empirical validation alone.  A combined approach of numerical and analytical 
modelling of BGAs, and mechanical tests, is recommended to harmonise published 
work, exploit new material data and for more informed analysis of new configurations. 
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Chapter 1 Introduction 
 
This chapter provides an introduction to current electronic packaging demands, and the 
main challenges to accurately modelling the response of electronic packages under 
thermo-mechanical load.  A brief description is given of BGA assemblies including 
typical materials, standard constitutive models used to quantify mechanical 
phenomenon, and the unusual issues with respect to measurement of solder material 
properties.  The chapter also presents the problem statement , an overview of the thesis 
and the original contributions. 
 
1.1 General background 
Solder is present inside all electronic devices to provide physical and electrical 
connections between components.  Extensive research into solder behaviour has been 
driven by increasing demands for reliability and compactness of connections.  As 
electronic components become smaller and smaller, there is a need to minimise the 
amount of metal used in joining the components, resulting in higher stresses, higher 
temperatures and larger numbers of joints in any given device.  These are the major 
issues concerning manufacturers along with the challenge of replacing lead based solder 
with lead free solder. 
The push from leaded to unleaded solder, as specified in European directive (RoHS) 
[2002] and UK regulation (WEEE) [2006], has been prompted by environmental 
concerns around end of life disposal of electronic packages.  Today lead-containing 
solder is still readily available to purchase in the UK, largely due to the reluctance of 
electronic manufacturers to move away from this familiar material.  The 'hands on' 
understanding of the behaviour of tin-lead solder extends over two millennia.  A precise 
like for like replacement for all applications has not yet been found but there are a 
number of substitute materials available to suit particular requirements. 
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The current work considers the behaviour of tin (Sn) based ternary alloys, containing up 
to 4% silver (Ag) and up to 1% copper (Cu).  In particular, unless otherwise stated, in-
house modelling and empirical data refers to Sn3.8Ag0.7Cu (387SnAgCu). 
Despite extensive research there is a great deal of ambiguity in the literature about the 
behaviour of unleaded solder connections within typical Ball Grid Array (BGA) 
structures under load.  Complex 3D loading of solder connections under in-service 
conditions includes; variations in electrical current densities, repeated temperature 
fluctuations ranging over 100ºC, and possible shock impact loading may also be 
experienced in mobile devices.  The harsh temperature fluctuations induce mechanical 
loading (low-cycle thermo-mechanical fatigue) within the connected assembly 
materials, due to their dissimilar coefficients of thermal expansion (CTE).  The severity 
of these effects can be further exacerbated by any reduction in size of solder joints.  
Ultimately, cyclic thermo-mechanical loading leads to crack initiation and growth 
within the joint, and a corresponding reduction in the area of intact connection.  This in 
turn leads to either a failure to conduct an electrical current due to increased electrical 
resistance, or a mechanical failure due to the reduced area of connection being unable to 
withstand applied loads. 
Classical theory of mechanics cannot be used to reliably predict behaviour due to the 
complex geometries of micro-electronic assemblies.  To improve product designs, 
manufacturers and researchers have traditionally used expensive and time consuming 
tests to acquire empirical data.  Computer simulations, can offer supplementary, cost 
effective additional data.  From a structural point of view the Finite Element (FE) 
method has become well established and sophisticated commercially available codes 
have been developed for a variety of applications.  Accurate modelling of the problem 
requires a sound knowledge of test sample geometry, material condition, and 
mechanical testing arrangement and procedures. 
The object of this work is to improve electronic assembly design advice by using FE 
analysis to achieve a better understanding of the response of a lead free solder joint 
when it is subjected to complex mixed mode loading.  Current work has been validated 
with reference to published and in-house experimental measurements and analytical 
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solutions.  Ultimately this work will lead into a simple analytical model to predict 
unleaded solder behaviour, applicable regardless of variations in material, geometry, 
strain rate, or load parameters.  By gaining a more detailed knowledge of material 
response under specific conditions, solder joint size can continue to be safely reduced 
(leading to significant savings in cost, weight, size and environmental considerations) 
whilst maintaining reliability. 
Literature shows that even basic constitutive properties such as Young's Modulus and 
Poisson's Ratio are not well defined, with a wide range of values quoted for ostensibly 
similar solder materials.  Data from standard bulk tensile tests are not always applicable 
to micro-scale solder joints because a joint can consist of a small number of anisotropic 
grains.  For this reason much of the published work has been done on representative 
single solder joint or micro-electronic assemblies. 
Determining a constitutive behaviour model by applying classical mechanics theories to 
solve this multi-physics problem is not straight forward due to the complex micro-
electronic package geometries, shifting material properties and loading arrangements.  
Validations of previously published solutions are highly dependent on data obtained 
from unique sample geometries and these solutions are not generally applicable to 
determine solder behaviour with respect to different sample geometries.  This work 
describes an attempt to determine a suitable mechanical behaviour solution not only for 
an in-house sample design but equally a more general (in particular geometry 
insensitive) solution.  This work has highlighted previously unrecognised mechanisms. 
 
1.2 Electronics, the BGA and associated assemblies 
The BGA is a popular and effective electronic package designed to meet demands for 
increased number of connections and functions with cost reduction and miniaturisation.  
Maximising the number of electrical connections (pin-count) within a very small 
volume, the BGA arrangement can accommodate tens or hundreds of micro solder 
connections with both solder diameter and interconnection pitch of around one 
millimetre or less.  Briefly, the layered BGA assembly usually consists of: A PCB 
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(Printed Circuit Board), copper discs or lands arranged in a regular array across the 
PCB, and connective solder material bonded to the copper lands.  There is no set BGA 
design and a number of dissimilar materials may be included in the assembly (e.g. 
solder, copper, nickel, gold, composite PCB, ceramic, moulding plastic, and silicon).  
The left hand side of Figure 1 shows 0.5mm diameter solder balls in a non-uniform 
solder array design, attached to the underside of a layered ceramic BGA, right hand side 
image shows a number of similar ceramic BGA packages in position within a larger 
array. 
 
Figure 1: LHS Underside of a ceramic BGA, RHS Hermetically sealed ceramic BGA 
approximately 12mm
2
, images kindly provided by Selex-ES (Edinburgh) 
In the solder joint interface, where lead free solder material is bonded to copper, it is 
usual to apply thin 'flash' finish layers of other metallics to the copper.  This is to 
prevent diffusion of copper land material into the solder.  The nickel-gold finish used on 
in-house BGA samples is a common industry option.  The nickel (Ni) layer prevents 
diffusion of copper but is prone to oxidation.  The additional layer of Gold (Au) does 
not oxidise or degrade, provides a flat surface finish, and has good wettability with tin 
based solders.  Gold quickly dissolves into solder allowing the solder to also bond to the 
nickel.  Au is porous and on its own would not protect copper from dissolution.  Inter 
Metallic Compounds (IMC) of both Nickel and Gold are found in the Inter Metallic 
Layer (IML), and so 'flash' finish layers of each should be very thin.  Under thermal-
mechanical load, material migration to the brittle IML continues, leaving behind voids 
that may act as stress concentrations, potentially contributing to reduced failure stresses. 
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Electronic components typically fail in the solder joint either through excessive plastic 
deformation, due to over loading, or thermo-mechanical fatigue.  The relatively small 
solder joints are constrained by larger components such as PCB, resistors, silicon chips, 
with different coefficients of thermal expansion.  Under in-service temperature 
fluctuations this mismatch induces mechanical strain, and at high homologous 
temperatures the unleaded solder material will creep.  If cyclic loading induces plastic 
strain, this will result in low cycle fatigue damage. 
 
1.3 Mechanical phenomena associated with BGA design 
1.3.1 Low cycle fatigue 
Low cycle fatigue occurs under high stress loading which causes plastic strains.  In 
solder joints plastic strains are induced by cyclic thermal loads.  The simplest empirical 
Coffin-Manson type equations, see Equation ( 1 ), directly relate life-times, N, to the 
isolated inelastic strain range,   .  Isolating plastic strains in solder joints from 
measurements can be difficult, therefore modelling the entire stress-strain hysteresis 
loop and identifying discrete constituents, is a pre-requisite of this calculation. 
      
      ( 1 ) 
The Coffin-Manson law does not distinguish between time independent and time 
dependent plasticity.  Coffin [1973], and Kova  evi  et al. [2010] have suggested that 
during fatigue at high temperatures, taking account of the proportion of strain that is 
creep can increase the accuracy of life time models by introducing a temperature 
dependency, half cycle dwell time or frequency modification.  Similarly, dependent on 
load conditions, it may be important to include an elastic strain component and a 
Basquin type equation may be incorporated, Lee et al. [2000]. 
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1.3.2 Time dependent plasticity (creep) 
Creep strain is thermally driven  and is a particular concern where service temperature 
with respect to melting temperature of the material, i.e. the homologous temperature is 
above 0.3.  SnAgCu solder at room temperature has a homologous temperature of 
around 0.6, therefore the creep strain can be a significant proportion of the total strain. 
Established laws have been used to relate creep strain rate to stress level and 
temperature.  These laws do not directly account for different microstructural creep 
mechanisms and a wide range of parameter values have been put forward for SnAgCu 
solder materials under a variety of test conditions. 
Most work has been done on secondary, or steady-state creep and this is reflected in the 
capabilities of current Finite Element software including Abaqus 6.9 which was used in 
this study.  At the time of writing, Abaqus has announced that the next major release 
Abaqus 6.14 [2014], will include a significant upgrade to its creep models, including a 
model which accounts for both primary and secondary creep.  Although too late for this 
work, it illustrates the ongoing interest in this area and the relevance of the current 
work. 
1.4 Issues with test design and test data for BGAs 
Material modelling is highly dependent on sound measurement of material properties.  
Laboratory tests may attempt to replicate or accelerate harsh service conditions.  It is 
hoped that analysis of statistically significant empirical data could be used to predict 
service life of the vulnerable solder connection. 
The limitations of material properties obtained from standard bulk tests for micro-
structural applications has already been mentioned but there are a number of other 
concerns surrounding mechanical testing of soft solder material, not least of these being 
that the literature has given a range of values for a number of key mechanical properties.  
The origin of some of these inconsistencies has been shown to be in the material 
condition or test parameter variations.  Published sources show many significant 
parameters and variables which require consideration, further complicating analyses.  
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For example, thermal history including aging, Zhang et al. [2010], microstructure, 
Keller et al. [2011], strain rate, Pang and Xiong [2005], solder geometry, Bhate et al. 
[2008].  There are currently no standard test procedures to address BGA sample 
preparation and microstructure, sample geometry, test temperature and strain rate. 
The current work investigated the effect, under load, of a number of discrete sources of 
geometric inconsistencies between designs, and has shown sample design has a 
particular influence on measurements and solder joint displacement.  Complex 3D BGA 
sample geometries result in complex stress distributions and stress concentrations.  
Stress concentrations may result in low nominal failure stresses.  In the literature it is 
currently assumed that under thermal and/or mechanical fatigue of BGA samples, it is 
the connecting solder material that undergoes significant inelastic deformation, Che and 
Pang [2013], Zhang [2013].  Stretching and bending of the PCB component has been 
previously noted, Lau et al. [2014], Darveaux et al. [2000], however the current work 
has shown that the majority of BGA sample deformation is in the low shear stiffness 
composite.  Current FE analysis also showed that less than 5% of the measured BGA 
shear displacement is strain the solder joint, and that whole sample measurement are 
unlikely to pick up large changes in solder behaviour.  Great care must be taken during 
analysis of strain data to isolate the solder deformation from adjoining materials.   
Shear tests on BGA samples are not suitable for direct measurement of solder 
mechanical properties. This is as the physical measurement of the whole BGA is not 
particularly sensitive to solder joint behaviour.  In addition to the solder strain, whole 
BGA measurements include a number of contributing mechanisms as shown in section 
3.2.4.  The work has also shown that the solder is subjected to complex mixed-mode 
loading through a non-rigid boundary therefore, even if the solder strain could be 
extracted from the measurement, it would be difficult to use this data to accurately 
determine discrete values of  solder material elastic moduli.  
Published researchers have approximated the thermo-fatigue cycle by applying an 
equivalent mechanical shear strain at ambient room temperatures to determine joint 
strength, solder material properties and life-time predictions, Anderson et al. [2008].  It 
should however be noted that at room temperature a true equivalent response may not 
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be induced, this being due to reduced material recovery at room temperature.  The 
solder material will be subjected to higher stresses and different proportions of 
constitutive material responses will be generated.  Also during the thermo-mechanical 
stress cycle, strain rate is constantly changing, Ridout et al. [2006], this would be 
complex to simulate under displacement control loading. 
 
1.5 Problem statement: 
The general requirement is for a more detailed understanding of the response of 
Sn3.8Ag0.7Cu unleaded solder material under specific thermal and mechanical loading 
conditions.  This knowledge is necessary for the development of a simple analytical 
solution which describes the various components of deformation, and is applicable to a 
wide range of sample designs. 
 
1.6 Overview of thesis 
The thesis is organised as follows; 
Chapter 1 Introduction: This chapter provides an introduction to current electronic 
packaging demands, and the main challenges to modelling the response of electronic 
packages under thermo-mechanical load.  A brief description is given of BGA 
assemblies including typical materials, how standard constitutive models may be used 
to quantify mechanical phenomenon, and the unusual issues with respect to 
measurement of solder material properties.  The chapter also presents the problem 
statement and overview of the thesis. 
Chapter 2 Literature Review: This chapter reviews published work that is relevant to 
state of the art methods of modelling constitutive behaviour in lead free connections.  
The review examines published data on standard type tests, such as tensile tests, on bulk 
specimens and summarises the mechanical properties obtained.  It then reviews 
published data on more complex joint type specimens and the mechanical 
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properties/constitutive relationships extracted from load - deflection measurements.  
Finally, the review considers published work on Finite Element analysis of solder joints 
under mechanical load. 
Chapter 3 FEA applied to published force-displacement data: Using orthotropic 
material values in the model introduced considerable deformation of the composite, and 
revealed a previously unreported rotation of the solder joint at the composite/joint 
interface, shown in Figure 2.  Comparison to Park and Lee's published load-
displacement data allowed appropriate values of out-of-plane E and G to be derived for 
the composite FR4 by fitting to the empirical data.  Subsequent comparison to other 
independent data supports using the suggested out-of-plane values in the modelling.  
Current modelling also showed that the calculated BGA stiffness was not particularly 
sensitive to the solder modulus value (within bounds of typical published values).   
 
Figure 2: Rotations of Park and Lee [2005]BGA under shear (load applied to top 
surface), bottom surface fixed, and top surface constrained in Y-direction, material and 
mesh discretisation shown to clarify deformation, displacement magnification applied 
 
Chapter 4  Parameterisation of the components of sample shear : Describes an attempt 
to quantify the composite through thickness shear and the previously unreported solder 
rotation.  The individual components of deflection are isolated using linear FE analyses 
and basic engineering calculations, with a view to parameterising the FE results in a 
Y
X
Z
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way that they could be applied to more general BGA solder joint samples.  Using the 
suggested method the components of displacement have been calculated for published 
test-specimens, using design specific correction factors calculated in Error! Reference 
source not found., and compared to corresponding published measurements. 
Comparison of the suggested 'hand' calculations to FEA and published data, Park and 
Lee [2005], Ghaleeh [2015], confirms that the same components of BGA displacement 
are present in similar proportions.   
Chapter 5  Discussion and Conclusions: The current study takes an FE approach 
towards an improved understanding of the behaviour of BGA samples under thermal 
and mechanical load, and how empirical data can be used sensibly in the modelling.  
The conclusions of the work are summarised here, with recommendations for future 
work and original contributions identified. 
Appendix A Empirical measurement of solder elastic modulus: Measurements 
conducted during a collaboration with the Technical University of Berlin. 
Appendix B Comparison with the Pang and Xiong shear lap test: The proposed 
analytical solution has been applied here to the Pang and Xiong micro-joint shear lap 
sample, with comparison to FE calculations and measurements. 
Appendix C Determining correction factors for Park-Lee sample and Ghaleeh sample: 
For the wider use of O'Donnell's analytical description of rotation [1960], correction 
factors have been determined here with respect to the Park and Lee, and Ghaleeh 
published sample designs. 
Error! Reference source not found. Error! Reference source not found.: A 
combined analytical-FEA approach to investigate creep behaviour in unleaded solder 
bulk material, joints and packages.  A comparison of all of the creep modelling menu 
options available in Abaqus was conducted.  Using a range of published creep laws and 
corresponding parameters, calculations were compared to published measurements. 
The effect (and potential error) of a parameter set selection was shown. 
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1.7 Contribution to knowledge  
The original contribution was to use numerical modelling to better understand the 
behaviour of the solder interconnect.  It is shown here that experimental whole sample 
measurements are not sensitive to the proportion that is solder strain, this has not been 
found in the literature.  Using the suggested combined numerical-analytical approach to 
data analysis, it is likely that legacy experimental data may be unlocked and successful 
correlation between different data sources will be enabled.  The conclusions are; 
 Deformation mechanisms in a BGA package under monotonic loading were 
identified, isolated and quantified.  These included the previously unreported 
solder rotation at the boundary with the FR4 substrate, and the significant shear 
deformation of the FR4 substrate.  Although substrate choice is known to be 
significant, this work has shown the FR4 to be the largest contributor to sample 
displacement under shear. 
 
 A new phenomenological, analytical solution, based on classical bending and 
shear deflection theory, to describe the complex constitutive behaviour of 
discrete materials within a BGA test sample under monotonic shear load has 
been proposed.  The solution is applicable regardless of geometry but within 
specified limits.  It has been verified against a finite element model of an in-
house BGA sample design and a degree of validation has been shown against 
published measurements. 
 
 The current work has shown that sample response to mechanical load is more 
complex than previously assumed, with on average of less than 5% of measured 
sample displacement due to solder strain.  This unexpected finding is explained 
in section 4.4 and with calculated components of displacement shown in Table 
16 to Table 19.   
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 Constituent deformation in BGA samples under mechanical shear is known to be 
highly dependent on design, and fatigue life correlations based on whole sample 
deformation will be sensitive to the sample design. 
 
 In Chapter 3, out-of-plane elastic properties for FR4 composite were shown to 
be essential for accurate prediction of overall deformations.   
 
 Appropriate values of through thickness Young's modulus and shear modulus of 
FR4 were determined using published data and validated against published test 
data. 
 
 The elastic modulus of Sn3.8Ag0.7Cu lead free solder was measured over a 
range of temperatures, including at low homologous temperatures, and reported 
in Error! Reference source not found..  Low homologous temperatures were 
used in an attempt to induce an isolated elastic response. 
 
 Values for the Abaqus specific creep parameters m and f were derived from 
various published creep data, as shown in Error! Reference source not found..  
No previously published values of these parameters could be found for any lead 
free solder alloy.  Parameters m and f are specifically required for use with the 
time hardening creep law and two-layer viscoplasticity creep model in 
Abaqus/CAE. 
  
 32 
 
Chapter 2 Literature Review 
 
This chapter critically reviews the state of the art of mechanical modelling of lead free 
solder connections.  The review examines first the published measurements using 
standard tests, such as tensile tests on bulk specimens, and summarises the mechanical 
properties obtained.  Published data on more complex joint specimens are then 
examined and the mechanical properties and constitutive relationships extracted from 
load - deflection measurements are summarised.  Finally, the review considers 
published work on Finite Element analysis of solder joints.  This chapter concludes with 
the identification of the detailed research questions to be dealt with in the thesis. 
 
2.1 Published values of lead free solder mechanical properties 
Characterisation tests have reported material elasto-plastic properties including; 
Young's modulus, elastic limit (yield), Poisson's ratio, plastic hardening parameters, and 
ultimate tensile strength (UTS).  The state of published values for these properties are 
reviewed below while creep and fatigue parameters are dealt with in section 2.4. 
2.1.1 Elastic properties 
Young's Modulus, E, is a property which, in principle, should be governed by the host 
metal crystal lattice, in this case, tin.  In the practical use of engineering materials, it 
would normally be expected that E should be insensitive to test conditions, material 
condition, and relatively insensitive to temperature, over service range.  Solder service 
conditions are relatively high in comparison to the melting temperature of the 
composition.  Therefore even at ambient room-temperatures  solder response is highly 
rate dependent, making it is difficult to obtain a universal measurement of true elastic 
properties. 
 33 
 
Table 1 summarises a range of published tests, and values obtained for common SAC 
(tin, silver, copper) alloys.  Given the surprising variety of published values, it was 
practical for the current study not to be exhaustive in identifying published values but 
instead to determine the breadth of values, before using FEA with comparison to 
measurements to determine sensible values. 
Where strain rate is noted in the publications, it is assumed that this is set actuator or 
crosshead speed with respect to initial gauge length.  The Müller et al. [2010], solder 
tensile test-piece dimensions were given through personal correspondence.  The Zhang 
et al. [2010] values of E were taken from a published plot. 
As can be seen, values obtained from tensile tests at room temperature (or 25ºC) were 
mostly from 40 to 60GPa, which might be considered to be a large range for elastic 
modulus.  Values as low as 15 GPa are reported from Fink et al.'s tensile test [2008], 
and 5.4 GPa from Lopez et al.'s compressive test, [2010].  Müller et al.'s nano 
indentation tests, [2010], give E as high as 69 GPa. 
Nguyen's values were the highest found in the literature but were not obtained from 
direct measurement, having been determined by comparison between FE calculations 
and measurements of solder displacement under compressive load, using a digital image 
correlation technique (DIC).  Solder mechanical properties were varied in the model, 
until good agreement was achieved.  For his FE calculations Nguyen used isotropic 
material values for the composite PCB and this is likely to have affected the value of E 
in a matter which is discussed in detail later.  Nguyen et al. [2011] used a micro-joint 
component test to determine values of E as high as 97GPa for SAC105, and 86GPa for 
SAC405. 
The main source of the wide range of published E values of tin-based solders has been 
identified as the low melting point, Jalar et al. [2007], or rather the high homologous 
temperature of room temperature tests.  This leads to temperature and strain rate 
sensitivity, and non-linearity from the start of measurements, i.e. even under low stress 
e.g. Andersson [2008], all of which suggests that something other than E is being 
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measured, possibly creep or plasticity i.e. that solders exhibit very little purely elastic 
deformation. 
Frequently authors publish single material values that are an average of a number of 
identical tests and some authors report considerable scatter within their own data, e.g. 
Müller et al. [2010], and Andersson et al. [2008].  A comprehensive material 
characterisation study requires an adequate number of identical mechanical tests.  Test 
standards will usually recommend specimen batch sizes, but for full characterisation 
tens of specimens are required for each test variable/load condition.  Lopez tested two 
samples per condition, Fink tested at least three samples per test condition, and Pang et 
al. [1998] tested three samples per test condition, and other authors do not state their 
sample numbers.  The main measurement concerns are discussed further in the specific 
section 2.2.5. 
Vianco et al. [2003] is the only reported measurement of Poisson's ratio that could be 
found, they used an acoustic technique to obtain their measurement.  They do not report 
any measured values, but suggest a temperature-dependent quadratic function with 
respective coefficients, determined from his own data.  Vianco does not report specific 
temperature limits for the solution.  It is not possible to assess the agreement of Vianco's 
calculations to measurements, over specific temperature ranges, without published 
measurements. 
Nguyen et al. [2011] reported a semi-empirical calculation of Poisson's ratio of 0.42.  
As in Nguyen et al.'s measurement of solder E, an optical DIC method was used to 
measure solder displacement.  Material values were then determined by comparison of 
FE calculations to solder measurements, varying the solder mechanical properties until 
agreement was achieved.  As mentioned above, Nguyen et al. used isotropic material 
values for the composite PCB in his FE model and it is likely this will have influenced 
his determined value of Poisson's ratio. 
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2.1.2 Plastic properties 
Portable devices are likely to be subjected to shock impact or vibration possibly beyond 
yield (the frequency of which excludes any creep response).  Even at relatively rapid 
loading rates some plastic deformation is expected, and the material should be 
characterised with due consideration for temperature and applied stress.  It has been 
suggested by Clech, [2005], that under cycled load a kinematic strain hardening 
component is also required. 
Solder materials do not display the distinct linear elastic - plastic behaviour that is 
typical of other metals.  In practice a simple solder tensile test will give non-linear 
behaviour from low load levels.  Andersson et al. [2008], reported that plasticity occurs 
almost immediately, and makes direct measurement of the elastic modulus unreliable, 
also reporting indistinct yields in several solder alloys under tension.  Müller et al. 
[2010] noted the stress-strain behaviour measured under tensile load was unstable, i.e. 
measured data did not produce a smooth stress-strain curve, as sample displacement 
measurements fluctuate at each load point.  This is not thought to be a real material 
behaviour but rather a mechanical phenomenon related to the measurement method.  A 
similar effect found in the current measurements, which through comparison of both 
sets of original data is shown to be more severe, and possible causes have been 
discussed in Error! Reference source not found..  
Some authors report only the yield and/or UTS values of solder, and omit to report other 
properties such as E, Chen et al. [2015], Kim et al. [2002], Darveaux [2005].  This is 
probably due to the design requirements of many solder joints, which are more likely to 
be based on strength than on elastic considerations. 
Kanda et al. [2012 ] was the only publication found to report strain hardening parameter 
values derived from concurrent measurements.  Kanda et al. provided a temperature 
sensitive cyclic strain-hardening exponent for a Sn-Ag-Cu micro-joint, useful for cyclic 
calculations, where it affects the inelastic strain range and calculated lifetimes.  The 
reported temperature and load waveform sensitive values are presumably from Kanda et 
al.'s own displacement controlled shear tests, performed on a single Sn-Ag-Cu micro-
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solder joint of height 0.57mm, maximum diameter 0.76mm and with 9mm copper rods 
attached at each end.  Kanda et al. showed the influence of hardening on solder 
constitutive behaviour and the number of thermal cycles to failure.  Their suggested 
values decreased with increasing temperature and coarsening intermetallic compound 
particles. 
Table 2 shows a range of solder yield values from the literature.  Again given the 
disappointing wide range of values, it was practical not to be exhaustive in identifying 
published values, but instead to determine the breadth of published values and use FEA 
to determine the effect on calculations.  Solder Yield strength is particularly sensitive to 
temperature and strain rate.  Kim et al. [2002] reported 0.2% proof stress and the 
corresponding yield stress values shown in Table 2 were extracted by hand from 
published plots. 
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Table 2: Published values of SAC solder yield stress 
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2.2 Test configurations used for solder mechanical properties and solder joints 
Given their ubiquity, there is a surprising lack of standard test-piece designs, test 
configurations or test procedures for solder materials.  Rather, the mechanical properties 
of bulk solder materials have been measured using a range of tests, including tension, 
compression, torsion, hardness, and dynamic vibration/acoustic methods and in a 
variety of sizes, test conditions (such as strain rate, temperature and maximum strain) 
and material conditions (such as composition variation, rate of cooling from molten and 
subsequent heat treatment).  This has resulted in a wide range of values being reported 
and great difficulty in effectively correlating values from different sources, Dušek et al. 
[2001]. 
Several current British Standard test methods are available for the characterisation of 
solder alloys; pull strength test [2007], shear strength [2007], cyclic drop test [2009] 
cyclic bend test [2009], mechanical shear fatigue [2009], environmental and endurance 
tests [2014], and temperature cycling [2003].  The pull test and the shear test appear to 
be quite crude, not representative of common in-service failures, and of limited value to 
behaviour modelling, but may be used for simple comparisons of one method of 
assembly to another, Whickham et al. [2001].  Interestingly none of the published 
material properties sourced appeared to have made use of any British Standard test, and 
therefore the British Standards are of limited use in this study. 
There are a number of practical problems to be considered when measuring the 
properties of a soft tin based alloy material, and these can have an effect on what is 
perceived to be measured.  The major factors, and their effects, are discussed in the 
following sections, with a view to selecting appropriate values for modelling. 
2.2.1 Methods of strain measurement 
Accurately measuring the strain in a small specimen can be difficult as strain gauges are 
not applicable, and it is tempting to measure machine crosshead or grip displacement 
which may be very inaccurate.  Metasch et al. [2009] have assessed the effects on 
tensile tests on bulk samples of 45mm overall sample length (gauge length not 
published).  A linear variable displacement transducer (LVDT) was used to measure 
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specimen strains directly, and also a second LVDT measured strain taken outside an 
oven set-up and encompassing the grips.  Using the direct sample strain measurement to 
obtain a corresponding value of E = 41.3GPa, and using the external LVDT 
measurement to obtain a value of E = 9.7GPa.  They showed that considerable 
extraneous strains can be inadvertently included even in a tensile test where machine 
stiffness is high and the load path is assumed to be perfectly aligned.  This was 
attributed to effects in the load train, outwith the specimen, and resulted in a reduced 
value of the apparent Young's modulus.  A few other authors have described optical 
methods used to measure sample strains directly e.g. Pang et al. [2003] used a video 
extensometer, and Müller et al. [2010] used a laser extensometer (Young's modulus 
values are shown in Table 1). 
Fink et al. [2008], measured the lowest published values of Young's modulus for 
SnAgCu (SAC) solder (Table 1), and lower than their own measurement for SnPb 
solder using the same test set-up.   Fink et al. used a standard extensometer attached 
directly to one of the largest sample published gauge lengths (30mm).  The 
extensometer was calibrated to 0.5% of the extensometer gauge length, and Fink et al. 
gave only one example stress-strain plot, which showed non-linear behaviour around 
0.5% strain.  It is possible that the extracted Young's modulus value is effected by the 
geometry of the sample, the resolution of the gauge, or even the chemical 
composition/microstructure as Fink et al. reported the condition of their sample material 
to be 'unknown'. 
2.2.2 Specimen clamping arrangements 
The method used to grip the soft material can have a significant effect on the test but is 
often not reported, e.g. Zhang et al. [2010].  It is possible that extraneous deformation 
during manufacture and test set up can occur, particularly for 'dog bone' tensile samples 
or screw-thread fixing.  Shirley and Spelt [2009a] soldered threaded copper rods to the 
ends of bulk tensile samples to avoid the excessive deformation observed in the threads 
at elevated temperatures. 
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Several other methods have been used to circumvent some of these problems.  Vianco et 
al. [2003] conducted compression tests on un-aged and aged (at 125°C, for 24 hours) 
samples at two strain rates (8.310-4s-1 , 4.210-5s-1).  Compared to other authors, both 
strain rates could be considered rather slow.  They showed that at room temperature, the 
slower strain rate gave about 25% reduction in yield stress and about 12% reduction in 
E, although their un-aged samples at room temperature were not as significantly 
affected by strain rate.  Vianco et al. raised the concern that since typical thermo-
mechanical fatigue test strain rates were close to those observed in creep testing, there 
was a possibility that inelastic deformation was included in the strain measurement.  
Vianco et al.'s compression tests yielded E values roughly an order of magnitude lower 
than other authors.  It is unclear how they obtained values of shear modulus, G, as using 
his formula to derive G from tensile measurements does not agree with E/(2(1+µ)), a 
formula used by others to determine a value for elastic modulus from shear tests. 
Vianco et al. [2003] also used acoustic wave propagation techniques to determine 
isolated elastic shear and bulk moduli, and Poisson's ratio, at temperature increments 
within the range of -50 to 200°C. 
Alternative tests are not immune to their own particular challenges.  Erinç [2007] 
conducted a number of nanoindentation tests to show the effect of varying test 
parameters (applied load, strain rate, hold time, repeat loading).  For example a hold 
time of 5 seconds gave some values of E above 55GPa, wheras a 50-second hold time 
reduced E to around 40GPa but also reduced scatter of values.  Erinç reported the 
average reduction in E, with the increased hold time, to be 22%, and although noting 
that Poisson's ratio was integral to determining Young's modulus from nanoindentation 
measurements, he did not state the source of the value he used (0.35).  Müller et al. 
[2010] noted that the localised nanoindentation test captures highly localised material 
properties and measured values are likely to be sensitive to individual grain orientations.  
They pointed out that this method of measurement showed no significant effect on 
elastic property values when compared to tensile measurements, but that yield stress 
values differed by a factor of three.  Nanoindentation and acoustic wave propagation 
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tests do not give a stress-strain curve, therefore much of the non-linear behaviour is not 
measured. 
Zhang et al. [2010] used an acoustic method, not to measure mechanical behaviour, but 
to detect and reject tensile samples containing surface flaws and internal voids larger 
than 0.4mm.  This attention to sample condition has not been found to be reported 
elsewhere. 
2.2.3 Specimen size and scale effects 
The stress-strain behaviour of SAC solder has been shown to be highly sensitive to 
material microstructure and therefore cooling rates, as discussed in section 2.2.8  It can 
be difficult to replicate solder joint cooling rates, and therefore interconnect 
microstructures, at a larger scale. 
Real BGA solder joints are typically formed of a low number of randomly oriented 
anisotropic solder grains per interconnect, Gong et al. [2007].  Chen et al. [2013] 
observed that no two solder joints showed exactly the same grain orientation pattern, 
and measured a difference in hardness values of up to 27%, depending on grain 
orientation.  Very small joints (<10µm) may consist nearly entirely of the Intermetallic 
layer (IML), Bertheau et al. [2014].  Bulk sample test data do not account for the effect 
of diffusion or bonding with material in the IML, Chen et al. [2012]. 
A bulk sample test-piece is normally considered to be a homogeneous material, as it is 
likely to consist of thousands of discrete grains.  When considering larger samples, 
isotropic behaviour is normally assumed as, due to random grain orientation, the effects 
of individual grains are assumed to average out.  With miniaturisation of test piece, 
there is a scale limit beyond which material homogeneity of the sample cannot be 
assumed, nor can its behaviour be assumed to be isotropic. 
The sample preparation, stress range and distribution experienced by a bulk sample of 
uniform design under unidirectional load is very different to that experienced by a 
solder joint.  When compared to interconnects, bulk tests may give quite different 
material response and so, although it is difficult to determine material mechanical 
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properties directly from interconnect tests, some micro-solder joint tests are always 
required. 
2.2.4 Testing of soldered component tests and assemblies 
Making direct measurement on the solder itself is a challenge because of the very small 
scales involved.  It is common to measure displacements at the package or sub-
assembly level and this may involve deformation of substrate materials as well as the 
solder.  There are no standard test procedures for micro-joints and numerous sample 
designs have been suggested.  Samples may be single joint or multiple joint, with solder 
material bonded to a single phase metallic substrate (e.g. copper) or a complex assembly 
of several materials, possibly including a composite substrate.  Test samples are usually 
no more than tens of joints (often less) whereas real components can incorporate 
hundreds of joints.  The volume and geometry of the solder material may differ 
considerably. 
The BGA structure under applied load gives rise to non-uniform stress and strain 
distributions, as has been observed using digital image correlation methods (DIC) of 
SEM images, Park et al. [2007], Chen [2012].  Some have attempted to measure solder 
deformations directly using sophisticated imaging equipment, Park and Lee [2002], 
although the utility of such measurements is questionable as the strain distribution 
within the joint is non-uniform making it difficult to obtain average constitutive 
information for input into analytical equations.  Assuming uniformity in strain 
distribution during analysis of measurements is at best an approximation. 
Joint geometry influences test response, Zhang et al. [2014], Qin et al.[2014a], Bhate et 
al. [2006], which can exhibit a complex 3D distribution of forces and bending moments 
throughout the assembly.  The effect of solder joint geometry (concave, convex profiles; 
volumes, aspect ratios) on test response has been investigated, Kim and Yu [2010]. 
Park and Lee [2005] tested BGAs in tension, shear and a range of combined loadings.  
Tension tests have also been conducted on idealised joints, An and Qin [2014], 
Rosenthal [2010].  The majority of BGA testing appears to be in shear and may consist 
of an idealised joint, Zhang and Zhang [2011], Keller et al. [2011], Kanda et al. [2012], 
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Dusek and Hunt [2006], Déplanque et al. [2005], Darveaux [2005] Sundelin et al. 
[2006], Andersson et al. [2005] or BGA Shin and Yu [2005], Morris et al. [2003]. 
Park et al. [2007] conducted thermal cycling tests on different BGA designs.  Using a 
Digital Image Correlation system (DIC), they observed the anisotropic orientation of the 
few grains in regular solder joints, and the presence of intermetallic compounds.  By 
comparing strain distribution in a regular joint to that in a joint composed of a single 
grain, they were able to observe complex strain distribution in the joint with several 
randomly orientated grains, and how this led (under temperature cycling) to plastic 
deformation along grain boundaries close to intermetallic precipitates, eventually 
initiating crack propagation. 
Pang et al. [2003] reported good agreement between bulk tensile test data and data 
obtained using a single solder joint/Fr4 assembly shear test, for yield strength and 
ultimate strength at different strain rates. 
Darveaux and Banerji [1991], and Xie and Wang [1998] recognised that substrate 
material choice and thickness affects the total BGA sample strain and therefore low-
cycle fatigue life curves, which are traditionally expressed in terms of strain range.  This 
effect appears to have been largely ignored in the literature with many authors assuming 
that the global strain measured in BGA samples is mostly due to solder deformation.  
Although Darveaux et al. [2000] did not attempt to assess the contribution of the other 
assembled materials to whole sample constitutive behaviour, they did experimentally 
investigate the effect for a number of designs and found that reducing substrate 
thickness/assembly stiffness increased life by up to 20%. 
Darveaux and Banerji [1991] reported that the relative proportion of creep strain to total 
inelastic strain is dependent on the solder properties and geometry, load cycle range and 
frequency, coefficient of thermal expansion of all assembled materials, whole 
component geometry and assembly stiffness.  They recognised that assembly geometry, 
substrate material and substrate thickness have an effect on assembly stiffness, solder 
strain, and therefore fatigue lifetimes.  They made this deduction from their own 
calculations, made using isotropic composite substrate material properties.  As 
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discussed in Chapter 3, the use of isotropic properties in the calculation will restrict the 
perceived contribution of substrate material to whole sample displacements.  For creep 
of solder joints within assemblies, Darveaux recognised that the assembly stiffness, as 
well as load, would determine onset of creep. 
Kim, [2007] calculated that FR4 visco-elastic behaviour contributed to component 
stress relaxation. 
Xie and Wang [1998] noted that sample displacement increased by about 10% when 
increasing composite substrate thickness from 0.45 to 1.6mm, under a 165°C 
temperature increase, and a 20% increase when changing the substrate material from 
FR4 to a BT composite.  Bismaleimide Triazine is an alternative resin used in 
composite PCB manufacture for high temperatures and composite PCB containing 
Bismaleimide Triazine resin is commonly referred to as BT.  A higher isotropic 
modulus was given by Xie and Wang for BT substrate, but no through thickness 
properties were given for either.  Xie and Wang conducted temperature change tests and 
BT composite has a higher coefficient of thermal expansion than FR4, hence the 
increased strain observed, despite a higher elastic modulus. 
Kariya et al. [2004] conducted shear-fatigue tests on BGA samples with a FR4 
substrate.  They noted that direct measurement of the total sample displacement 
included deformation in all assembled materials solder (elastic and plastic strain), 
silicon chip (elastic) and FR4 substrate.  They also loaded only the FR4 substrate 
material in shear to a load about 3.5 times higher than used for the BGA sample, and 
observed no non-linear behaviour.  
Kariya et al. [2004] also observed that failure commonly started in the corner solder 
balls, global location depended on whole sample geometry and solder ball geometry 
influenced strain within the joint.  It is that often found that an interconnect on the 
outermost row of a BGA will see most accumulated strain and is the site of failure 
initiation, Darveaux et al. [2000], and Herkommer et al. [2010], and Lee et al. [2014].  
BGA design and material choice will determine the position of maximum thermal or 
mechanical stresses and strains.  The position of greatest mismatch of thermal 
 50 
 
expansion or location of a sudden change in assembly stiffness is often under the edge 
of a chip assembly, Zhang et al. [2014], Chandran et al. [2000]. 
In some solder joint tests, authors have used relatively stiff copper or Aluminium 
substrates, Zhu et al. 2014, Huang et al. 2011, Maio et al. 2010 [REF].  Presumably this 
is intended to isolate solder deformation through the mitigation of substrate 
deformation, but of even the relatively stiff metallic substrates are likely to experience 
some deformation and have some influence over global deformation. 
Other non-BGA assembly tests have been conducted, for example Zhang et al. [2009] 
attempted a solder elastic modulus test on an assembly of a thin layer of solder, inserted 
across the entire width of the mid-line a copper tensile sample.  Although the 
determined elastic modulus values were within the expected range, such a test cannot be 
compared to other tensile tests without extreme care in consideration of the complex 
stress state, particularly as the material contraction, due to the Poisson's ratio and 
transverse to the load direction, is restricted. 
Using over simplified isotropic composite substrate material properties, material strains 
cannot be believed but this work does illustrate a significant influence over package 
response and importance of suitable consideration of the substrate geometry and 
material in any analysis. 
Presumably in an attempt to isolate solder behaviour from substrate deformation, 
several authors have conducted mechanical tests on solder joints with novel test-piece 
designs that incorporate aluminium, Bhate [2008], or copper only substrates; Zhang et 
al. [2009] and An and Qin [2014] tensile tests, Huang et al. [2012] fracture toughness, 
Kanda and Kariya [2012] tensile fatigue, Dušek and Hunt [2006] shear test. 
Shrotriya and Sottos [1998] measured FR4 creep behaviour in both the warp and the fill 
directions (a different material response was shown with direction).  A three point bend 
test was carried out under a combined load of 1MPa for 20 minutes and temperature 
range of 30 to 155°C and spanning the glass transition temperature of 139°C. 
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2.2.5 Effect of experimental parameters on measured properties 
In addition to test-piece geometry and configuration of test, there are a number of 
experiential parameters that also influence the measurements.  The most important of 
these are temperature, strain rate, and material history, and these are discussed below. 
2.2.6 Temperature effects 
Solder joints are required to work at high homologous temperatures.  Even at room 
temperature, lead free solders are typically at a homologous temperature of about 0.6, 
Jalar et al. [2007].  This can increase the induced effect of temperature sensitivity, strain 
rate sensitivity, plasticity and creep, which makes characterisation of solder elastic 
properties using traditional test methods difficult. 
Several authors, e.g. Pang and Xiong [2005], Vianco et al. [2003], Gao et al. [2009] and 
Fink et al. [2008], have demonstrated the effect of temperature on measured bulk 
material properties.  Figure 3 shows a range of published Young's modulus values with 
respect to temperature, although the values shown also cover a range of strain rates and  
materials.  The majority of the data has been obtained at room or elevated temperature, 
but there are some data for very low temperatures.  Although the measured values show 
considerable scatter, within data sets there is a definite trend for the modulus to reduce 
with increasing temperature.  It may be worth noting that during elevated temperature 
tests, Lopez et al. [2010] were unique in using thermocouples to check for any sample 
temperature gradients. 
Empirical relationships correlating moduli with temperature for unleaded solders, have 
been put forward by a number of authors e.g. Pang and Xiong [2005], Cheng and 
Siewert [2003], Qi et al. [2006], Kanda and Kariya [2012], and Vianco et al. [2003]. 
Vianco et al. [2003] presented data fit formula for elastic moduli, with respect to 
temperature.  This was determined from mechanical tests carried out between -25°C to 
160°C.  The formula does not exactly agree with source measurements and so a degree 
of error would likely be introduced with application of this type of data fit formula.  
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These type of temperature dependent formulae are popular in the literature and have 
been used by several authors, e.g. Bhatti et al. [2006]. 
It would normally be expected that testing at homologous temperatures below 0.3Tm 
(about 150°K for SAC solders) would eliminate or reduce creep strain from 
measurements revealing a true Young's modulus.  Tensile measurements by Fink et al., 
[2008], at temperatures as low as 0.008Tm (about 4°K), continued to show an increase 
in Young's modulus with a decrease in temperature.  They obtained values considerably 
lower than all other authors and admit the unknown as-received state of their material. 
Unfortunately Fink omitted to publish the low temperature stress-strain plots. 
 
 
Figure 3: Young's modulus of SnAgCu with respect to temperature.  
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2.2.7 Strain-rate effects 
Data from a number of sources' are summarised in Figure 4. 
 
Figure 4: Young's modulus of SnAgCu with respect to apparent strain rate. 
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Darveaux [2005] noted in BGA Shear lap tests on SAC solder joints using alloys of 
similar composition, that at room temperature and fast strain rate, all showed similar 
maximum shear strength.  Only tests at lower strain rates showed a maximum shear 
strength sensitivity to strain rate.  This possibly indicates a material strength dependence 
on the contribution of creep strain to total strain, also size and distribution density IMC. 
This appears to be in line with the findings of others, in that it would normally be 
expected that testing at very high strain rates (5.6 x 10
-2
 Pang et al. [2003], and 2
-2
s
-1
 for 
SnPb, Nose et al. [2003]) would eliminate or reduce creep strain from measurements 
revealing a true Young's modulus. 
2.2.8 Effect of material composition and condition 
There is some debate within the literature as to the significance of small variations in 
SAC solder chemical composition on material stress-strain behaviour.  Wang et al., 
[2005], Kim et al., [2002] and Schubert et al., [2003], found that small variations led 
only to little or no difference in Young's modulus.  These observations are not 
surprising, as manufacturer stated tolerances are relatively large, Henkel [2014], i.e.  
commercial solders marketed with small variations in composition may in fact be the 
same material. 
Yet there is a surprisingly wide scatter in the measured data for what may be considered 
the same material.  This is possibly due to the effect of tolerances in composition on the 
solidus temperature and ensuing microstructure, the reflow temperature profile,  effect 
of tolerances in composition on the solidus temperature and ensuing microstructure, 
subsequent aging conditions and test conditions. 
The literature shows the popularity of SAC solders of around the generally agreed 
eutectic composition of Sn3.58±0.05Ag0.96±0.04Cu, Moon and Boettinger [2004], and 
wider bounds of up to 4% silver and 1% copper.  Park et al., [2003], used SEM images 
to show that the microstructure of rapidly cooled Sn3.8Ag0.7Cu is essentially the same 
as the generally agreed eutectic constution, however the alloy microstructure was found 
to be unstable under annealing at 210°C. 
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Mechanical properties of the ternary solder are dependent on the microstructure.  The 
effect of temperature profile during manufacture (reflow temperature and time), cooling 
profile and aging conditions has been shown to be more significant than small variations 
in chemical composition, Wang et al. [2005].  To establish realistic microstructures in 
his own bulk tensile samples, Wang et al. studied the effect of fabrication technique, 
including cooling options, carefully assessing chemical composition and microstructure 
of samples using spectroscopy and inspection of micrographs.  They found that was the 
oil cooled samples had a microstructure that was most like a chip scale package solder 
joint, and water quenched samples showed the finest grain structure, but all alloys with 
all cooling rates, showed microstructure coarsening and a decrease in mechanical 
property values after just 24 hours aging at 125°C, discussed further in section 2.2.9. 
2.2.9 Effect of aging and thermal history 
High homologous temperatures lead over time, stress, and temperature, to significant 
reductions in solder mechanical properties and creep resistance occurs.  This is due to 
changes effected within the microstructure and metallurgy (hardening, softening, aging, 
grain coarsening, recrystallization, growth of intermetallic and voids, Park et al. [2003], 
He et al. [2005], Sabri et al. [2014], Nguyen and Kim [2015]).  Microstructure 
evolution of solder joints under ambient temperature conditions has been studied 
separately, Zhang et al. [2010], and others have studied the microstructure coarsening 
effect is further escalated under temperature fluctuations with and without mechanical 
cycling as experienced in-service, Puttlitz and Stalter [2004], Wang et al. [2005], Chen 
et al. [2012].  Böhme and Müller [2007] have suggested a theoretical diffusion-
precipitation method to predict coarsening of binary alloys (particularly AgCu) under 
specified thermal or mechanical load. 
Zhang et al. [2010] used a bulk test sample (8030.5mm) to study the effect of aging, 
at a range of temperatures, on mechanical behaviour changes.  These changes were 
found in as little as 24 hours with the degradation continuing for 6 months. The most 
significant reduction occurred in first 5 days with increased  creep strain rates after 10-
30 days of aging. 
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Wang et al. [2005] conducted tests on SAC samples with small variations in alloy 
composition, and subjected to different cooling techniques.  They found that thermal 
history, cooling rate and aging had more effect on mechanical properties than small 
compositional changes.  Mechanical properties were dramatically reduced after aging at 
125°C for 24 hours and, after 100hrs, subsequent reduction was minimal. 
Again, it is difficult to correlate published empirical material properties, for use in 
general analysis, because a diverse range of sample designs and test conditions have 
been used in the reported studies. 
 
2.3 Solder and joint degradation with time 
The main purpose of modelling of BGA assemblies is to design joints against failure 
over time.  Whereas the modelling requires mechanical properties of constituent 
components, these are only useful if applied to an appropriate deformation model.  The 
main mechanism of deformation in solder joints is thermo-mechanical fatigue, which is 
a type of cycle-dependent failure.  It is assumed that thermo-mechanical fatigue in 
solders is usually in the low-cycle range, this means that there is significant plastic 
deformation within each cycle.  Added to high homologous temperatures means that it 
is also necessary to consider creep strains as well as time-independent plastic strain.  
This section discusses the literature on creep and fatigue of solders. 
2.3.1 Creep properties 
Time-dependent plastic-strain in metals can be manifest as additional strain under 
constant stress (creep), or stress relaxation under constant strain.  It can make a 
significant contribution to inelastic solder strain at high homologous temperatures under 
applied thermal and/or mechanical load, and can appear under loads too small to cause 
yield.   
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Darveaux [1991] recognised the importance of this time dependent material behaviour 
in solder strain range/fatigue life relationships, particularly at relatively slow strain rates 
where creep strain that dominates behaviour.  Creep and stress relaxation may be 
described by choosing an appropriate creep model with empirically derived parameters. 
Creep strain can be due to a number of microstructural atomic diffusion mechanisms; 
dislocation creep, boundary diffusion creep, or bulk diffusion creep.  Which creep 
mechanism(s) proliferate depends on the microstructure, load condition, temperature 
and load level, Pang et al. [2004].  There are several standard models which predict 
steady state creep, e.g. power law, or hyperbolic sine Law, Dieter [1988], as discussed 
in Error! Reference source not found..  These models relate the creep strain rate to 
temperature and stress level.  A number of authors, e.g. Schubert et al. [2003], Xiao and 
Armstrong [2005], Wiese and Wolter [2007], Sidhu et al. [2008] have published 
parameters for these models but these can vary considerably. 
To calculate approximate creep strain or strain rate, standard creep models do not 
directly address underlying creep mechanisms, but rather use material-specific empirical 
relationships, requiring the determination of unique parameters.  Because of the strong 
stress-strain and temperature-dependence of creep, empirically derived parameters are 
usually limited to the of stress and temperature over which evaluations are made. 
When compared to a power law, a hyperbolic sine model has been shown to give an 
improved data fit for a larger range of temperatures, stresses and resultant strain rates, 
Clech [2005].  Application specific refinements of these standard models is common 
place, for example the use of Anand type temperature compensated creep laws.  It has 
been suggested by Cottrell, [1980], that even when using a temperature compensated 
creep law, a single set of parameters is not sufficient to describe creep over a wide range 
of loading conditions because of the different dominant creep mechanisms and resultant 
strain rates. 
The literature contains a range of steady state creep rate laws and wider range of 
associated parameters for SAC solders.  The creep laws of particular interest to the work 
are those available in the Abaqus FE software, these include all of the types commonly 
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found in the literature: Garafolo's, and both strain hardening and time hardening power 
laws.  These laws and their effects on the modelling have been discussed in detail in 
Error! Reference source not found.. 
There appears to be no standard test-piece design for characterising solder mechanical 
properties.  Flat and round dog-bone, and cylinder designs with a considerable range of 
sample volumes have been used to measure creep strain rates, following fairly standard 
creep test procedures e.g. hold at constant load whilst measuring extension over time.  
The problem of applying bulk solder material properties to analysis of micro-joints has 
already been noted, however there have been additional concerns that standard steady-
state creep models (based on traditional constant high tensile stress) may not adequately 
represent typical cyclic load in BGA assemblies.  Shirley [2009b] was concerned that 
traditional creep tests are often carried out at high stresses and therefore, together with 
associated creep models and parameters, were not representative of low fluctuating in-
service stresses as experienced in BGAs. 
Mechanical testing at the small scale brings associated challenges as discussed in 
section 2.2.4.  Wiese et al. [2008] showed that testing the same solder material at bulk 
and micro-BGA scale gave different empirical creep parameters.  To accommodate 
small solder joints, test sample designs need to include adjoined substrate material(s), in 
this case Alumina.  Darveaux and Banerji [1991] recognised that the assembly stiffness, 
as well as load, would determine onset of creep and creep rate.  Isolation and direct 
measurement of solder strain from test data is also a concern. 
The significance of primary creep of solder, particularly under cycled or stepped load, 
has been investigated experimentally and theoretically in the literature; Kumar et al. 
[2012], Darveuax and Banerji [1992], Shirley [2009a], [2009b] Darveaux [2005], 
Déplanque et al. [2005]. 
In typical BGA cyclic load tests, a single cycle may be in the order of a few minutes and 
many load direction reversals are expected.  Shirley's calculations showed for his own 
monotonic tensile test at 800 seconds, transient creep is nearly three times steady state 
creep.  This disagreement was shown to decrease with time but does not fall to zero.  
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Any improvement in a steady state creep model accuracy would likely be overshadowed 
by the error of ignoring transient creep, particularly at load cycles of less than 1000 
seconds.  A low estimate of creep strain could have a significant effect on predicted 
fatigue life times, which are based on inelastic strain range. 
Déplanque et al. [2005] measured creep strain under cyclic load in a novel sample 
design, consisting of two solder joints in a shaped copper substrate.  They found that a 
steady-state model underestimated the creep strain under cyclic load by up to 24% for 
SnAgCu material.  They also found that previously published primary creep models and 
parameters did not describe their measurements.  They determined that the saturated 
transient creep strain was related to the steady state creep rate, and reflected this in their 
creep model, which was adapted from Grivas et al. [1979]. 
Others have published creep models that include a primary creep term with 
corresponding empirical parameters determined from their own creep strain 
measurements, Darveuax and Banerji [1992] used SnAg BGA samples with ceramic 
substrates and Vianco and Rejent [2002], as cited by Lau et al. [2003], and are assumed 
to have used a bulk sample. 
Kumar et al. [2012] measured the creep strain of a BGA sample with aluminium 
substrates.  He proposed a sophisticated creep model incorporating primary and 
secondary creep, with an inter-particle spacing term to account for grain microstructure 
coarsening during thermal aging and thermo-mechanical cycling.  He showed the effect 
of thermal and strain aging, separately, on measurements. 
Clech, [2005], suggested that tertiary creep needs to be considered for a full 
understanding, although it is unlikely to be important in fatigue reliability modelling.  
Clech showed that applying parameters determined from one data source to predict 
creep strain for another source can give variable results, highlighting the importance of 
selecting the correct parameters for a specific application.  He showed that, for good 
agreement to a number of similar measurement sets published by others, a unique set of 
parameters was required for each measurement source. 
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Déplanque et al., [2005], and Shirley et al.,[2008], reported, from analysis of their own 
experimental data over a range of temperatures, that the total strain of SnPb was less 
sensitive to transient creep than the SnAgCu.  Shubert et al. [2003], Déplanque et al. 
[2005] both also found difficulty in applying published creep models and parameters to 
data from different sources.  This suggests that parameter sets are design and load range 
specific and raises concerns over their broader use in modelling. 
2.3.2 Thermo-mechanical fatigue 
Since thermo-mechanical fatigue is the main failure mode of solder-joints in BGAs, it 
could be said that the sole reason for modelling BGA behaviour is to design against 
fatigue.  Although, as well as an empirical cumulative damage law, it is important to 
have static deformation of the solder joint in order that the cycle dependent behaviour 
can be established. 
Under thermal load which emulates power cycling in service life of electronic devices, 
assembled materials with dissimilar coefficients of thermal expansion (CTE) exhibit 
different strains.  This will effect a complex strain distribution within the solder, and a 
very different response than any bulk test.  As temperature fluctuates the creep strain 
(rate) contribution will vary. 
Appropriate accelerated thermo-mechanical low cycle fatigue tests can be used to 
indicate BGA sample reliability under in service power cycling.  In order to do this, it is 
necessary to develop predictive life time relationships, based on empirical parameters 
determined from the measured number of cycles to failure under specified loading 
conditions.  Mechanical data may not reflect hermetic integrity or conductivity.  
Accelerated BGA tests have consistently shown either the solder material or the IML 
(inter metallic layer) to be the failure site, and therefore solder has been the focus of 
interest, intensified by the continued reduction of solder interconnect size, also reducing 
solder volume proportionately increases the size of the IML, which responds very 
differently under fatigue loading. 
Original low cycle fatigue life tests were designed to quantify fatigue resistance of the 
material, not a specific component or design.  The test procedures and samples were 
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designed to minimise influences such as sample geometry and volume.  Simple axial 
tension and/or compression, rotational (torsion) or flexural (bending) loads were 
applied, rather than any mixed mode loading, to allow straight forward inclusion of data 
to life-time calculations.  The sample designs were mainly straight (or hour-glass) and 
typically over 100mm in length.  These conditions allow deflections to be measured 
directly, allowing strain control (assuming little change in sample cross section) and 
allowing stress to be directly related to measured load.  Other influences, such as 
temperature gradients within the sample and corrosive environments, were also kept to a 
minimum or excluded from tests. 
Much work has been published in developing early thermo-mechanical fatigue models, 
to address some of their limitations in predicting the BGA package fatigue life.  
Particular factors include frequency, variable load range, temperature range, 
temperature differences between substrate and component, solder joint geometry and 
size, Pang et al. [1998], Agarwala, [1985], Norris and Landzberg [1969], Vaynman 
[1989], Kova  evi  et al. [2010], Chai et al. [2014].  Many of these model modifications 
were developed for solid solution, binary leaded solders and should be applied with 
caution to the ternary, precipitate hardened, lead free solders. 
Many variations of empirical fatigue-life models have been proposed, originally 
developed for high strength engineering materials, and later developed for SnPb solder 
material, Lee [2000] has categorised these into five types; strain-based (Chai et al. 
[2014]), energy based (Che and Pang [2013]), creep-based (Darveaux and Banerji 
[1991]), damage based and other, and identified some of their limitations. 
No matter how sophisticated the investigator's model of choice, one basic task that 
cannot be ignored is the requirement to isolate solder strain from micro-joint assembly 
measurements and to identify adequately elastic, time-dependent and time independent-
plastic constituents.  Because of the irregular and variable shape of individual solder 
balls, there is also a difficulty in verifying relevant solder stress from a force 
measurement. 
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Published BGA fatigue tests assume that the global or complete package deflections 
equate to solder deflection, and it is these global measurements that form the basis of 
life-time relationships, Qin et al. [2014a].  The appropriateness of directly equating 
calculated solder strain to whole sample strain-fatigue relationships is a cause for 
concern, Darveaux and Banerji [1991]. 
Darveaux and Banerji [1991] applied a cyclic thermal load to micro-component 
assemblies with a range of temperature differences and frequencies.  He recognised that 
with increasing average temperature over load cycle, slower ramp rates and longer 
dwell times, a larger proportion of the strain is due to creep.  They state that in order to 
determine the true solder response a knowledge of both solder material properties and 
assembly stiffness is required, and furthermore that any suggested empirical behaviour 
relationship is limited to specific test set-up and load conditions. 
The simplest Coffin-Manson criterion does not consider temperature, it is unclear if 
high temperature modifications are generally acceptable.  Similarly it is unclear how 
creep affects the creep-fatigue relationship, particularly whether it can simply be 
assumed that creep is part of the total inelastic strain and if the relationship is 
unchanged by the additional consideration of reversed or cycled load. 
In temperature cycling tests, some authors have suggested replacing the plastic strain 
term in lifetime relationships with the applied temperature, Norris and Landzberg 
[1969], and Goldman [1969], as cited by Dauksher [2008].  This approach is not 
applicable in analysis of mechanical fatigue tests. 
Unleaded material joints visually look quite different from leaded joints, and have a 
rough irregular appearance.  It is common for fatigue cracks to form at the material 
surface co-incident with intrusions as small as 1µm, which could be formed during 
movement of slip bands. 
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2.4 Numerical analysis applied to mechanics of solder joints 
Finite Element Analysis (FEA) has been widely used to analyse the behaviour and 
reliability of solder joint assemblies.  This is an appropriate use of powerful computing 
facilities and sophisticated numerical modelling software, given the complex BGA 
sample geometries, number of material interfaces and complex strain distribution.  It 
has been used to determine effective solder deflections, or maximum equivalent 
inelastic strain, which can then be input into a Coffin-Manson type strain-fatigue life 
relationship, e.g. Kariya et al. [2004], Darveaux and Banerji [1991].  It is, however, 
crucial for validation purposes that FE models suitability represent reality, incorporating 
appropriate constitutive models and relevant material properties.  Likewise, this can 
require FE to also provide supporting data through the simulation of physical tests and 
interpretation of empirical data. 
Unfortunately published FE analyses of solder joint assemblies often lack full details 
regarding material properties, and it is not uncommon for authors to omit details of 
some or all material property sources and/or original test parameters, Modi et al. [2005], 
Tee et al. [2003].  This lack of reported sources raises concerns for the suitability of 
material properties used, particularly when given the unusually large range of reported 
solder material properties, and direct relationship between this and specific solder 
material condition/thermal history. 
Furthermore the results of FE are often presented without evidence of adequate mesh 
refinement and quality checks.  This is illustrated by a lack of uniformity of mesh 
and/or mesh refinement in areas of high stress.  The absence of a modelling 
methodology, including descriptions of element type, load and boundary conditions, 
makes it difficult to reproduce these models or conduct independent verification. 
Generally during FEA, the polycrystalline solder material is assumed to be isotropic.  
There are a few researchers who have used FE modelling to show the effect of grain 
orientation and overall anisotropy on creep and reliability under thermal mechanical 
fatigue loading conditions, Gong et al. [2007], Liu et al. [2009], Ubachs et al. [2007], 
Park et al. [2007]. 
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For BGAs and other micro-joint assemblies, FEA has been used to study the effect of 
joint geometry, Bhate et al. [2006], [2008], Kim and Yu [2010], Zhang et al. [2014], 
Qin et al. [2014a], Lau [2014] and to show the effect of solder joint array pattern on 
stress distribution, possibly leading to a failure site prediction, Lau et al. [2012], 
Chaillot et al. [2007], Che et al. [2005], Modi et al. [2005]. 
FE modelling has also proven to be useful in the stress analysis of the whole BGA or 
larger assembly, for example Ma and Lee [2013] have shown the influence of board 
design on BGA joint failure location.  Kim and Hwang [2015] showed the solder joint 
stresses were sensitive to array location, board design and in particular the component 
size.  They showed the effectiveness of under fill to eliminate joint failure in lab tests.  
Often, an interconnect at the extreme corners or on the outermost row of a BGA will see 
most accumulated strain and is a common site of failure, Darveaux et al. [2000], and 
Herkommer et al. [2010].  Where the substrate and components, joined by solder, are of 
different size, stiffness, and/or thermal coefficient of expansion, this sets up a strain 
mismatch particularly under the edge of the smaller substrate. 
Lau et al. [2012] suggested that inadvertent, design induced, board level temperature 
gradients can cause residual stresses to be setup during uneven cooling of the solder 
joint.  They used experiments and FEA to show that joint array pattern, rather than joint 
number, affected the thermal gradients at board level during cooling.  Their FEA 
showed that the thermal gradients lead to location dependent residual stress patterns in 
the joints, suggesting that joints with the highest residual stress would be the most likely 
to fail.  Lau et al. also used FEA to show that, by altering the array pattern, critical joint 
locations could be altered and stress levels could be reduced by up to 25%.  Bhatti et al. 
[2006] used FEA and experimental data to show that a thermal preload could change the 
position of the critical joint location.  Qin et al. [2015] showed good agreement between 
empirical data and FE simulation in the prediction of position of solder joint failures in 
BGAs. 
Lau et al. [2014] used FE to investigate the effect of the solder profile on the reliability 
of BGA samples.  They considered a variety of solder shapes including cylinders, 
convex 'barrel' shapes and concave profiles with different aspect ratios, and two 
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isotropic substrates, a thin, low modulus polyimide and a thicker, stiffer FR4.  They 
showed that the solder joint shape affected reliability predictions, and that BGA 
response was also affected by substrate choice.  For example, the predicted failure joint 
location varied with solder profile, but not by changing the substrate from a polyimide 
to the stiffer FR4 substrate. 
Relatively little has been published on BGA failures where components other than the 
solder balls experience cracking.  Ma et al. [2011] investigated failures due to crack 
growth in the epoxy matrix of the laminate composite, under critical solder joints.  
Localised failure occurring in the epoxy matrix is known as pad cratering.  Published 
studies of ceramic or plastic component BGAs have highlighted concerns for the 
integrity of the PCB epoxy matrix under the critical joints. 
Of the above studies of board design influence on solder joint reliability most did not 
state the mechanical properties used in the FEA.  Only Lau et al. [2012] reported the 
use orthotropic FR4 properties, although Qin et al. [2015] used a (very low) isotropic 
value of 6.2GPa.   
The importance of whole assembly design, and resulting overall stiffness, to both 
fatigue life and stress relaxation was stressed some time ago, Darveaux and Banerji 
[1991].  Despite this, many authors using FEA to model micro-interconnect assemblies 
have assumed isotropic elastic or thermo-elastic properties for the FR4 composite, e.g. 
Lau et al. [2014], Chaillot et al. [2007], Ridout et al. [2006].  Others have used a wide 
range of orthotropic values, Lau et al. [2012], Williams et al. [2010], Liu et al. [2009].  
Chaillot et al. used isotropic elastic properties, but in-plane and out-of-plane 
coefficients of thermal expansion (CTE).  Dudek et al. [2009] included orthotropic 
properties for the FR4 composite and calculated the effect of temperature gradients on 
warpage of the substrate. 
The use of constitutive models determined by others is common place in published FE 
studies of solder joint behaviour, despite numerous reports citing difficulties in 
modelling using empirical parameters determined from measurements by others 
(particularly when considering creep or fatigue of BGA assemblies);  Lau [2003] used 
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Vianco and Rejent 's [2002] steady state creep parameters to model a FR4-on-FR4 BGA 
sample, and Shirley et al. [2008] used Vianco and Rejent [2002] and Déplanque et al. 
[2005].  Both Lau and Shirley et al., used isotropic FR4 material values in their FE 
analyses. 
Darveaux and Banerji, [1991], [1992], used FEA to determine the assembly stiffness of 
a BGA sample under thermal load.  This was then used to determine solder creep strain 
and time-independent strain, prior to reliability analysis.  Two substrate materials were 
considered, an aluminium oxide substrate and a polyimide, and assembly stiffness 
increased with increased substrate modulus.  Isotropic material properties where used 
for both composites.  Déplanque et al. [2005], was concerned that creep models readily 
available in FE codes assume a constant load.  In FEA, most authors have used standard 
secondary creep models.  As discussed in section 2.3.1, where authors have used models 
which identify primary and secondary creep, the proportion of primary creep has been 
shown to be significant.  Shirley et al. [2008] used an FE model to study the effect of 
omitting plastic and primary creep strain from the constitutive model.  The model 
described a micro-joint sandwich of Silicate, solder and FR4.  Shirley used isotropic 
FR4 material values. 
The use of an epoxy-fibre reinforced composite may also require a temperature 
dependent visco-elastic term to be considered.  Stresses are probably too low to require 
a composite damage model.  For detailed modelling of cyclic load, the effect of load 
reversal on should be considered and measured values of the effect of load reversal on 
Sn3.8Ag0.7Cu (hardening), and FR4 epoxy-FR composite used.  The influence of the 
metallic pads and their metallic finishes were shown to be insignificant within the 
bounds of the current work. 
Shirley et al. [2008] used an FE model to study the effect of omitting plastic strain and 
primary creep strain, without physical tests.  The model described a micro-joint 
sandwich of Silicate, solder and FR4.  Shirley used isotropic FR4 material values.  He 
concluded, in this load case, that plastic strain was insignificant but omitting primary 
creep led to large errors, up to 8% in the Sn3.8Ag0.7Cu sample.  He also showed that 
the difference varied dependent on applied temperature and ramp rate. 
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FE has been used in a variety of applications but often in a supporting role and so full 
details of were often not reported.  Finite Element Modelling approaches or 
methodologies have been quite diverse and the quality of calculations difficult to assess.  
Despite the large number of studies involving FEA of solder joints, this has not led to 
agreement on a suitable design approach.  This is probably because most authors are 
concerned with solving a specific problem rather than trying to build an overall 
framework for BGA design. 
 
2.5 Summary and identification of thesis topic 
The current work is concerned with developing suitable numerical modelling methods 
for micro-electronic component assemblies, containing SnAgCu lead free solder, under 
thermal and mechanical load.  The appropriate use of the extensive range of material 
values available is fundamental to the success of interconnect modelling, whether these 
values are measured or theoretical. 
In this section, published material properties and other constitutive parameters have 
been collated and their effects have been considered.  Published work on Finite Element 
analysis of solder joints has also been reviewed.  The intention was to isolate useful 
published material properties and constitutive models for use in the current numerical 
modelling. 
The literature review has revealed a choice of material behaviour models and a wide 
range of published mechanical properties.  A number of authors have demonstrated that 
these variations in empirical data are due to test conditions and to a lesser extent small 
changes in chemical composition.  Interpreting this empirical data in a form that can be 
used requires an understanding of its limits and range of applicability to; complex 
geometries, complex loading conditions (e.g. thermo-mechanical), and non linear 
behaviour. 
Published FEA has previously been used to determine assembly stiffness of micro-joint 
samples, and isolate solder deformations particularly equivalent creep strain under 
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fatigue load. Nevertheless, there may be many, possibly as yet unidentified,  
contributors to  non-linearity, particularly when considering such a diverse range of 
tests and test conditions.   
Yet no study could be found to clearly quantify constituent deformation mechanisms in 
all assembled materials. 
This is particularly of concern in BGA samples, where published measurements and 
FEA has shown the significance of whole sample stiffness.  In spite of that measured 
displacements have often been directly attributed to the solder material, possibly as the 
majority of the measured inelastic strain is assumed to be in the solder material.  Hence 
the enduring limitation in Coffin-Manson type relationships is their reliance on bench-
mark empirical fatigue data from a specific package geometry. 
The requirement is for a simple analytical solution accounting for all mechanical 
phenomenon within the BGA assembly, applicable regardless of geometry.  The 
intention is to use Finite Element Analysis as a research tool towards improved 
understanding of BGA behaviour and, in conjunction with published measurements, to 
provide a comparison for current analytical calculations.  For the initial development of 
modelling methodology, typical material values used in previously published analysis 
were adopted, it was hoped that comparison to measurements with consideration for the 
measured test parameters, would indicate the correctness of this approach. 
Most of the calculations in the current work have been linear-elastic and the models 
used reflect this.  Chapter 4 and Error! Reference source not found. describe in detail 
the published constitutive models that have been considered, and ultimately how the 
selected models have been used during the current work. 
  
 69 
 
Chapter 3 FEA applied to published force-displacement data 
This chapter develops the modelling approach and applies it to published experimental 
data. Because of the difficulty in finding well-characterised data, only two sources have 
been used, Park and Lee [2005] and Ghaleeh [2015]:  First FEA is used to show the 
critical effect of the composite FR4 out-of-plane properties, Section 3.2.3.  Next 
appropriate out-of-plane values of E and G are determined through comparison with  
Park and Lee [2005] shear and tensile data, Section 3.3.1.  These values are then 
shown to be appropriate through application to independent experimental data from 
similar tests, including Ghaleeh [2015], Section 3.4.  Finally, having substantiated the 
FE modelling and the material properties used, it was confirmed that the components of  
displacements of a BGA under shear are real effects, shown in Figure 2 and described 
in Section 3.2.4.  
 
3.1 Description of the data sets used 
Park and Lee describe numerous tests on a 9 ball BGA sample.  Specimens were loaded 
monotonically to destruction in pure shear (90°) and uniaxial tension (0°), and in fatigue 
under pure and combined loading (0°, 27°, 45°, 63°, and 90°).  Ghaleeh [2015] also 
carried out numerous tests, some of which are referred to later in this thesis.  In this 
chapter, however, only some of his pure shear data is used. Data from the Park and Lee 
shear and tensile tests were used to develop an FE model of the specimen, establish the 
modelling approach and determine suitable material properties, whereas their combined 
loading and Ghaleeh’s shear loading were used as a kind of validation of the approach 
and properties. 
The initial analysis highlighted the sensitivity of the whole sample behaviour to the 
substrate through thickness properties.  These are properties commonly ignored in 
published work or, where presented, show considerable inter-investigator disagreement. 
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Although similar to the Park-Lee test, Ghaleeh's sample differed in the following ways; 
 Park-Lee used Sn3.5Ag0.75Cu, but Ghaleeh used Sn3.8Ag0.7Cu, although, 
within the limits of the manufacturer's stated tolerances, both may be considered 
to be the same material. 
 The Park-Lee test piece geometry, as detailed in Figure 6 uses 9 solder balls, 
whereas Ghaleeh’s uses 4. 
 The loading method, as detailed in Section 3.2.1, differed, in that the Park-Lee 
shear loaded test-piece introduced a shear force in the FR4 substrate. 
 The Park-Lee test piece used a thinner FR4 substrate, as detailed in Table 3.  
Ghaleeh used a 1.6mm thick FR4 substrate. 
 The top and bottom substrates of the Park-Lee sample were of different 
dimensions, as detailed in Table 3. 
 The materials coated over the copper pads, as detailed in Table 3, differ from 
those employed in the Ghaleeh sample. 
 The displacement rate for the Park and Lee test was 0.002 mm/s and Ghaleeh 
tests used an average 0.0247mm/s. 
The displacement rate for the Park and Lee test was 0.002 mm/s and Ghaleeh tests used 
an average 0.0247mm/s. 
Additional support for the modelling assumptions was sought by comparing FEA of a 
shear lap test to published data of Pang and Xiong [2003].  The calculations showed 
sensitivity to FR4 through thickness properties, but the not insignificant substrate 
bending coupled with the incomplete description of the test set-up (grip and load) 
limited the usefulness of this data to the current work, see Error! Reference source not 
found.. 
 
3.2 Modelling of the Park-Lee shear and tension experiments 
The Park-Lee experiments were chosen for this part of the study because of the good 
description of the BGA packaged test-piece and the wide range of monotonically loaded 
force-displacement measurements.  In this part of the study only the tensile and shear 
data will be used, corresponding to  test conditions (a) and (e) shown in Figure 5. 
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Later other loading condition data will be used as part of the independent validation of 
the FE modelling.  The BGA samples were adhered to steel grips using cyanoacrylate 
using a rigid alignment method.  During the test one grip was attached to the actuator 
and one grip was fixed. 
 
 
Figure 5: Sketch of Park and Lee test arrangements, taken from Park and Lee [2005] 
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3.2.1 FE model parameters; geometry, materials and boundary conditions 
All FEA was carried out using the Abaqus package.  An in-depth 2D study of modelling 
techniques including element types, mesh refinement, and geometric idealisation was 
conducted, before progressing to the 3D study reported here.  The 2D study was used to 
identify and assess; stress values and distributions, geometry approximations, 
smoothing singularities where required, meshing techniques, and suitability of element 
type based on observed behaviour.  The original mesh quality checks study is 
summarised in Section 3.2.2.  
The element C3D8, a fully integrated, first order or linear continuum element, was 
chosen so as to give continuity with a previous in-house 3D study, Graham [2013].  The 
C3D8 element was shown to capture bending and shear deformations adequately and 
with computational economy, provided that an appropriate mesh density was chosen to 
accommodate the wide range of material thicknesses. 
To reduce unnecessary computational effort, a plane of symmetry, in the x-y plane, was 
used to model one half of the Park-Lee 9-ball test-piece, as shown in Figure 6.  Figure 6 
also shows the discrete materials used as assembled in the model, differentiated by 
colour.  The model consisted of a single part that was partitioned into the individual 
material components allowing a continuous mesh to be applied.  The dimensions used 
in the FEA model are shown in Table 3.  The copper pads were modelled as plated with 
nickel with a gold flash on the exposed surface.  The solder mask has been omitted from 
the FE model as it is assumed not to contribute to the system response, other than to 
define the solder material interface diameter. 
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Figure 6: Model of one half of Park-Lee test specimen; discretisation of materials and 
mesh 
 
Material Dimensions (mm) 
 X Y Z 
FR4 Substrate: Top 
Bottom 
 
4.8 
4.8 
 
0.8 
0.8 
 
4.8 
8.54 
Gold 0.787Ø 1x10
-3
  
Nickel 0.787Ø 5x10
-3
  
Copper 0.787Ø, Pitch 1.27 35x10
-3
  
Sn3.5Ag0.75Cu 
Solder  
0.76 Ø mid height  0.52 Solder mask opening  
0.584 Ø 
Table 3: Park-Lee Model Dimensions 
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All of the material properties used in the Abaqus model are shown in Table 4.  The 
copper, nickel, gold and solder were considered to be elastic - perfectly plastic with a 
single yield stress given for each.  Initially the FR4 substrate material was modelled to 
be linear elastic and isotropic as in previous studies (e.g. Lau [2014], Li [2007], Chen 
[2006], Lau [2001], Dušek et al. [2001]) and no yield was considered.  No material 
temperature dependencies were considered. 
The following loads and boundary conditions were applied to the FE model to replicate 
the test set up described by Park and Lee; 
 The lower FR4 substrate was fixed on the bottom surface only. 
 A Multi Point Constraint (MPC) was used at the top surface to spread the load, 
which was applied at a single node, in accordance with the Park-Lee tension and 
shear tests, respectively. 
 A monotonically increasing load was applied and the elastic-perfectly plastic 
model was run until the maximum load was reached. 
 
 
 Material Properties 
 FR4 
Glass-
reinforced 
epoxy laminate 
[Lau, 2001] 
Copper 
[Kayelaby.
NPL, 2014] 
Nickel 
[Lau, 2001] 
 
Gold  
[Kayelaby
.NPL, 
2014] 
Sn38Ag0.7Cu 
Solder  
[Puttlitz and 
Stalter, 2004] 
Young's 
Modulus 
(MPa) 
22,000 129,800 205,000 78,000 45,950 
Poisson's ratio 0.28 0.343 0.31 0.44 0.4 
Yield Stress 
(MPa) 
--- 70 103 207 47.1 
Table 4: Material properties used in preliminary FE model of BGA 
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In the original Park-Lee tests, load was applied through the extreme surfaces of the 
substrate in several directions discretely, and measurements to failure in shear and 
tension published. 
In the model of the Park-Lee tension test, the top surface of the upper substrate was 
constrained using a MPC to move as one in the Y direction.  This is to approximate the 
Park-Lee method of holding the test sample.  A monotonic tension load was applied to a 
single node on the upper substrate top surface.  The applied load was the equivalent of 
applying 300N to a complete 9 ball test-piece and the model was run to its limit load. 
In the Park-Lee shear test, the top surface of the upper substrate was constrained using 
an MPC to move as one in the X direction and a Y constraint to model the rigid test 
machine.  A monotonic shear load was applied to a single node on the top surface of the 
upper substrate.  The applied load was the equivalent of applying a 100N load to a 
complete 9 ball test-piece.  This model was also run to its limit load. 
3.2.2 Mesh quality checks 
The accuracy of FE analysis is dependent on a number of things including the quality of 
the mesh and element type used.  The mesh quality checks conducted during the work 
are discussed here.  Other sensitivities of the method are discussed in Error! Reference 
source not found. along with the reasons for choosing FEA for this type of work.  
Abaqus CAE conducts a number of automated mesh quality checks.  If a model fails 
these automated checks then the calculation will not run.  It should be noted that it is 
very possible to generate a model that passes these automated checks and does run, but 
that is not optimum or even suitable for the problem in hand.  There are a number of 
other mesh considerations, or metrics, not addressed by the automated Abaqus quality 
checks.  The operator must apply his or her own checks to ensure the mesh is entirely 
appropriate. 
The Abaqus automated checks refer to element shape (angle of element sides also called 
skew, and to what extent are element sides parallel also called  jacobian).  If a model is 
less than ideal on these considerations, automated  advice warnings are issued but the 
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model will still run.  It is then for the operator to decide in the pre-processing stage what 
is acceptable for mesh density, mesh pattern, element aspect ratio, element type, and 
how to deal with any stress concentration.  This should be done with particular attention 
to the specific problem in hand including geometry, load, and key areas of interest etc. 
To study the perceived benefits of mesh refinement compared to computing effort, a 2D 
plain strain model was used.  A total of seven models were run using the following 
continuum element considerations: first order (linear shape function) reduced 
integration elements both coarse and finer mesh, first order full integration both coarse 
and finer mesh, incompatible modes (with internal bending degrees of freedom, an 
economic element) both coarse and finer mesh, and a coarse mesh of second order 
(quadratic shape function) elements with reduced integration.  Comparison of the 
constitutive results showed that the coarse mesh was sufficiently converged.  Provided a 
mesh has adequately converged, a mesh should not be overly dense for efficient 
computing effort.  All of the models ran successfully and showed good agreement for 
limit load (to about 6%), apart from the incompatible modes element model which 
terminated in the linear region and below the non-linear region peak load extracted from 
the other models.  Standard 1st and 2nd order elements with coarse or fine mesh predict 
a load limit to within about 6%.  Incompatible mode elements coped poorly with 
extensive plasticity and did not predict the expected limit load.  This correlates to 
published recommendations in the Abaqus Getting Started manual to use fully 
integrated, first order solid elements in elastic-plastic simulations.  The study was then 
repeated using both 2D plane stress and 3D element types.  There was very good 
agreement between the data extracted from the models using the 2D element types. 
Although as might be expected, both of the 2D models (plane strain and plane stress) 
appeared to predict a stiffer response than the 3D element model.   
Next a 2D study was made of the meshing technique.  When meshing every effort 
should be made to achieve square elements as irregular element shapes are likely to 
behave inconsistently.  This is of particular concern in locations of interest or high 
stress.  To optimise the FE results, following the comparison of meshing techniques, it 
was decided to use second order elements, with free, advancing front, using mapped 
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mesh where selected in the 2D study.  The equivalent mesh pattern in 3D required Hex 
(also known as brick shaped elements) structured or swept with advancing front mapped 
mesh. 
3.2.3 Effect of substrate properties 
The overall specimen displacement responses, to both the tensile and the shear loads, 
for the Park-Lee physical experiment were extracted manually from their published 
plots and these are shown in Figure ( 7 ).  Values extracted from Park-Lee published 
plots are shown in solid markers and a solid line shows progression of the constitutive 
values.  Values extracted from FEA are shown by unfilled markers and a broken line.  
The good agreement between calculated and experimental limit loads in ( 7 ) suggests 
that the solder fails in plastic shear with little or no contribution from the composite 
substrate.  However, there is obviously a severe discrepancy between the test and model 
elastic displacements which would, for example, give serious problems in using an 
energy method for describing fatigue properties.  A possible reason for the discrepancy 
between measured and calculated displacements, given that these originate in the elastic 
region, is that one or more model elastic modulus is incorrect. 
As pointed out above, the shear load was applied not only to the solder joint but also to 
the substrate in the Park-Lee tests.  The substrate was made of FR4, a Glass (Fibre) 
Reinforced Plastic (GRP-Epoxy).  Isotropic material properties were used initially in the 
FE calculation because, as in other published FEA studies, Lau [2014], Li [2007], Chen 
[2006], Lau [2001], the substrate was not considered an area of interest and it was 
assumed that its method of loading was quite straightforward and its anticipated 
response quite unremarkable. 
 
 78 
 
 
Figure 7: Monotonic loading in shear and tension for Park-Lee specimen, measured 
data points extracted manually from an enlarged copy of a published plot 
 
By their nature, composites are strong and stiff in-plane but can have low Young’s 
modulus (E) and shear modulus (G) in the through-thickness direction.  Figure 8 shows 
a schematic diagram of a 0°/90° fibre-reinforced laminate, in which the usual 
mechanical loading direction is to put some of the fibres in tension ( xx or zz ), 
reflecting the main mechanical function in circuit boards, which is to provide bending 
stiffness.  In the Park-Lee test (and many other solder tests) the load was not applied so 
as to put the fibres in direct tension, but was either through-thickness shear ( yx or yz ) 
or direct stress ( yy ).  The deformations under these loadings will be sensitive to the 
through-thickness properties, which are difficult to measure and often unavailable. 
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Figure 8: Schematic 0º/90º laminate showing in-plane and out-of-plane direct stresses 
 
Park and Lee did not give any details of their FR4 laminate, nor mention its elastic 
properties.  The published values found in the wider literature are quite different from 
each other, and the effects of fibre volume fraction and fibre direction not always 
acknowledged.  Little has been published on the out-of-plane properties, also called 
through thickness properties, of FR4 (this is assumed to be because it difficult to 
measure, and is not normally of interest, particularly for thin material which is usually 
assumed to be in plane stress or bending).  Rare exceptions are the papers by Ferguson 
et al. [1998] and Broughton et al. [2001].  Furthermore, the provenance of published 
properties can be vague. 
The values of the elastic properties of FR4 laminate from six different sources are listed 
in Table 5, re-indexed to correspond to the x-, y- and z-directions used in the model, 
Figure 6.  The reported properties have some common elements, all, as expected, having 
the orthogonal in-plane Young's moduli equal Ex = Ez and the out-of-plane Ey, lower 
than the in-plane ones.  The through-thickness shear moduli, Gyx = Gyz, and the in-plane 
shear modulus, Gxz, is higher than the through-thickness. 
σyy 
σxx σzz 
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A simple orthotropic composite requires three Young's moduli to describe its directional 
stiffness.  Moduli in both fibre directions may be equal if the fibre weave design is 
essentially the same in both directions, see EX and EZ in table.  The same composite 
requires three independent Poisson's ratios to describe the amount of lateral strain 
induced with respect to a perpendicular load.  The directional values of Poisson's ratio 
will obviously be affected by the corresponding directional stiffness.  It should be noted 
that different FE software may require a different set of directional Poisson's ratio to 
characterise an orthotropic model.  Material values are entered into Abaqus/CAE 
interms of directions 1,2, and 3.  It is for the operator to define the orientation of 
orthogonal directions. 
A description of each required Poisson's ratio required for an Abaqus FE orthotropic 
model is given in Table 6.  Where xy xz yz in a woven laminate  and are 
independent.  The values of  xy and yx are assumed to be inversely related to the 
directional moduli (xy/Ex = yx/Ey).  Similarly, xz/Ex = zx/Ez, but this approach could 
not have been used to subsequently refine Kim's values of Poisson's ratio with respect to 
the new Ey value suggested as the three Poissons ratio required in Abaqus/CAE are 
independent of each other.  Further experiments would be required to measure Poisson's 
ratio, this is difficult to do sucessfully.  Given the critical influence of the through 
thickness E2 and G12, it is assumed that any further refinement of the Poisson's ratio 
values would have very little effect on agreemnet with measurements. 
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Source Ex 
(MPa) 
Ey 
(MPa) 
Ez 
(MPa) 
xy xz yz Gxy 
(MPa) 
Gxz 
(MPa) 
Gyz 
(MPa) 
Murai 
et al. 
[2000] 
22400 1500 22400 0.1425 0.2 0.094 199 630 199 
Rodgers 
et al. 
[2004] 
21000 7720 21000 0.39 0.18 0.1434 3114 8898 3114 
Kim 
[2007] 
12000 7600 12000 0.22 0.27 0.139 3000 3100 3000 
Lau 
[2001] 
 
22000 Not 
given 
22000 Not 
given 
0.28 Not 
given 
Not 
given 
3500 Not 
given 
Li et. 
al. 
[2008] 
1600 Not 
given 
1600 Not 
given 
0.28 Not 
given 
Not 
given 
Not 
given 
Not 
given 
Chen 
and 
Chen 
[2006] 
18200 Not 
given 
18200 Not 
given 
0.25 Not 
given 
Not 
given 
Not 
given 
Not 
given 
Table 5: Published FR4 material orthotropic elastic properties 
The Poisson's ratio value of most materials is between about 0.1 and 0.5.  In composites 
this is not an inherent material property but rather a structural property, Herakovich 
[1984], and it is possible to create laminates with Poisson's ratio that is negative or 
greater than one, Sun and Li [1987].  Measurement of Poisson's ratio is difficult 
particularly in the out-of-plane direction, and hence validation is limited.  In reality the 
Poisson's ratio is sensitive to local variations in fibre orientation, resin volume and 
fabrication process.  This may account for the variations in published FR4 values. 
Values can be calculated using a rule of mixtures approach but when comparing to 
measurements the error is variable.   
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Poisson's ratio 
 
Description 
 
xy strain in Y-resin direction caused by pulling in X-fibre direction 
xz strain in Z-fibre direction caused by pulling in X-fibre direction 
yz 
 
strain in Z-fibre direction caused by pulling in Y-resin direction 
 
Table 6: Description of corresponding Poisson's ratio with strain for a woven laminate 
 
Kim [2007] measured the in-plane moduli and found them not to be significantly 
different to the data provided by the manufacturer, although the magnitude of their 
values of in-plane E are only about half of those of other authors.  The Rodgers et al. 
[2004] in-plane properties were also measured, and both Rodgers et al. and Kim 
calculated the through-thickness properties using established composite 
micromechanics equations.  Despite their similar approaches and different in-plane 
properties, both Kim and Rodgers et al. have arrived at similar values for the through-
thickness moduli.  Rodgers et al. in plane shear modulus is much higher than Kim's, 
which is consistent with the higher in plane Young's modulus.  The origin of the Murai 
et al. [2000] and Lau [2001], values is less clear.  The through thickness Young's 
modulus and the shear moduli of Murai et al. are much lower than the others, and the 
reason for this is not clear either.  The in-plane Murai et al. and Rogers et al. Young's 
moduli properties are close to the isotropic values used by Lau, and Chen and Chen 
[2006], The isotropic value used by Li et al. [2008] is between the in-plane values of 
Kim and the others.  The selected range are considered sufficiently representative of 
current knowledge for use in the current analysis.  The original source of Lau, Chen and 
Chen, and Li are unclear. 
Three analyses were carried out using the Murai et al, Rodgers et al and Kim 
orthotropic properties, in the interest of assessing the sensitivity of BGA behaviour to 
these discrepancies. 
The Abaqus CAE composite capability can define general anisotropy or orthotropic 
material via the “Engineering Constants” definition (3 Es, 3  s and 3 Gs).  To check 
that this did not inadvertently introduce any changes in the model, initially the isotropic 
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material data was re-input using the “Engineering Constants” command (i.e. identical 
values for each of the Es,  s and Gs).  Figure ( 9 ) shows that the model responses 
were, as expected, identical. 
Next, the orthotropic FR4 data were input and Figure Error! Reference source not 
found. shows the calculated values for each of the 3 sets of properties against the 
measured Park-Lee data in shear and tension.  
  
Figure 9: Monotonic shear test using FR4 isotropic data and FR4 isotropic data 
entered using Engineering Constants (EC) option, excellent agreement is shown 
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Figure 10: Calculated and measured force displacement curves for tension and shear, 
taking account of orthotropic FR4 properties 
As can be seen, the Rodgers et al. and Kim moduli give very similar results for both 
shear and tension, despite having very different in-plane properties.  Both underestimate 
the displacement, although not as much as using an isotropic assumption with the 
modulus set in the fibre direction.  In contrast, the Murai et al. moduli overestimate the 
displacements in both shear and tension.  Murai et al. and Rogers et al. have very 
similar in-plane values of Young's modulus. 
This shows that composite through-thickness properties have a substantial effect on 
predicted overall displacement of the specimen, for both sets of loading.  Furthermore, 
none of the sets of orthotropic properties describe the measured displacements well, 
although all give a reasonably acceptable value for the limit load, as might be expected 
since this is determined by the model for the solder.   
3.2.4 Identification of sample constituent displacements 
From the geometry of loading, it might be expected that the value of Ey would dominate 
the tension response, whereas Gyx would dominate the shear response, which explains 
the relative compliance of the Murai et al. response compared to the other two, and 
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suggesting that the most appropriate values of the two moduli lie between 1500MPa and 
7600MPa and 199MPa and 3000MPa, respectively, rather a wide range.  However, the 
deformation is not as simple as this.  For example, in shear, the orthotropic FE model 
exhibits not only increased overall model displacement but also increased localised 
rotation of the solder ball resulting in localised compression and tension of the FR4 
material, as seen in Figure 11.  The rotation of the solder into the substrate and the 
development of a parameterised approach to obtain some simple analytical equations is 
investigated in Chapter 4. 
Figure 12 shows that, in tension, orthotropic FE models indicate local out-of-plane 
stretching of the substrate, although there is also shear in the y-direction.  Most of the 
deformation under tension appears to be in the FR4 substrate.  It should be noted that, in 
the FEA model deformation plots shown in Figure 11 and Figure 12, the deflections 
have been grossly magnified using a 'deformation scale factor', a display-only option 
which does not affect calculations. 
 
 
Figure 11: Deformed shape of model of Park-Lee shear test, showing localised rotation 
of solder joint, Abaqus deformation scale factor X10 
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Figure 12: Deformed shape of model of Park-Lee tension test,  Abaqus deformation 
scale factor X10  
This substrate deformation was further investigated by creating a simple model of the 
solder ball as a cylindrical column with an encastré condition at both ends (no substrate 
material).  The shear displacements of the top relative to the bottom due to bending and 
shear of the metallic column were calculated separately using basic mechanics and 
using a simple FE model (shown in the right hand side of Figure 13).  The agreement 
between the FE and analytical calculations was within 1% for a 'long' column (length = 
20 × depth) and 5% for a 'short' column (length = ½depth).   
Using these classical shear and bending theory equations, later detailed in Section  4.1, 
the displacements calculated for an (isolated) geometry representative of the solder balls 
in the test specimens were much smaller than those measured in the tests and calculated 
by FEA of the BGA sample.  The explanation for this discrepancy can be seen in Figure 
13, which compares representative FE models with and without an FR4 substrate, and 
clearly shows that the solder material not only deforms through shear and bending, but 
also rotates as a whole within the substrate material.  On top of this, there is also a shear 
deformation of the FR4. Again the deflections have been grossly exaggerated using the 
display-only option, 'deformation scale factor', which does not affect calculations. 
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Figure 13: Idealised FE model of solder column - LHS: with substrate, RHS: without 
substrate, a deformation scale factor has been used to emphasise effects 
 
3.3 Determining suitable material properties 
3.3.1 Determining substrate out-of-plane properties 
It has been seen that the in-plane FR4 properties have little effect on the overall 
response (both in shear and tension) but that accurate through-thickness properties (out-
of-plane) are required for satisfactory modelling.  The difficulty with published 
through-thickness FR4 properties has already been highlighted, so an attempt was made 
to refine the material properties to match the Park-Lee results.  It was hoped this would 
produce, within published bounds, verified realistic through thickness material 
properties which could be used to enhance the accuracy of the FE models.  The Kim 
properties were chosen as a starting point as their in-plane elastic properties were 
measured and validated against those given by the manufacturer.   
 Leaving Ex, Ez, Gxz and the Poisson's ratios unmodified, the values of Gyx and Gyz 
were adjusted (keeping them equal) until the best agreement with the measured 
shear load-displacement curve was obtained.   
 These values were then used in the tensile load-displacement curve and the value 
of Ey was adjusted until agreement in tension was achieved.   
 It was noted that the Young's modulus, E, has a small (but not zero) effect on the 
shear test displacement and the Shear modulus, G, has a small (but not zero) 
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effect on the tension test displacement, so the process was repeated until values 
of E and G converged and gave good agreement in both tension and shear. 
 The resulting FE calculations are shown in Figure 14, with the Park-Lee 
measurements for tensile and shear load.  The agreement between the FE data 
using the suggested FR4 properties and the Park-Lee measurements is within 
10% (or 0.5µm at a displacement of 5µm) during the initial loading of interest. 
 The measured Park and Lee data used to derive the proposed values, was 
extracted manually from a plot of force against displacement [Park and Lee 
2005].  Without the original raw measured data and detailed knowledge of the 
test set-up, it would be difficult to further refine the material properties.  It does 
however demonstrate that appropriate properties can be derived using this 
method. 
 The final proposed properties are given in Table 7.  Where direction X,Y and Z, 
as noted in Figure 6, have been respectively re-labelled directions 1,2 and 3 for 
suitable entry into Abaqus/CAE.  The modified properties are within the bounds 
of the published data and represent realistic through thickness material 
properties.   
  
Chandran et al. [2000] have published orthotropic values for FR4, which they used in 
the FE analysis of thermal cycling of a BGA. They say that the values, shown in Table 
7, have been 'validated numerous times during previous studies' although they have not 
given a reference for this. The values for E are very close to those derived in this work.  
The shear values do not agree quite as well, but are still closer to the proposed values 
than those published by others. This may be explained by Chandran et al. not having 
conducted shear tests. 
The FE analyses using the newly derived orthotropic properties, shown in Figure 14, 
were run under load control and terminated at the maximum load which means they 
have not captured much of the post-yielding behaviour exhibited by the specimens.  
This could be improved by running under displacement control.  Also, including post 
yield hardening in the material property definitions could improve post-yield stability of 
the analysis.  Although mesh refinement studies showed that the results converged for 
the initial linear response, further refinement in the areas of yielding in the solder balls 
might improve the predicted non-linear response.  At this stage, however, the focus was 
on obtaining consistent elastic constants as a basis for further developments. 
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Data 
Source 
E1 
(MPa) 
E2 
(MPa) 
E3 
(MPa) 
12 13 23 G12 
(MPa) 
G13 
(MPa) 
G23 
(MPa) 
This 
work: 
final 
result of 
optimised 
data 
12000 3000 12000 0.22 0.27 0.139 1500 3100 1500 
Chandran 
et al. 
[2000] 
10470 3080 10470 NA NA NA 2390 6870 2390 
Table 7: Comparison of Orthotropic FR4 properties used by Chandran et al. with the 
current work 
 
 
Figure 14: Park-Lee experimental data compared with FE calculations using optimised 
FR4 properties 
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Only the initial response, up to 30µm, is shown as this is more than adequate to model 
the positive displacements used in the Park and Lee fatigue tests, see Figure 18 to 
Figure 20.  Only the FE model under tension did not achieve this displacement, as it 
was run under applied force and once this force was reach the FE calculation stopped.  
The model could be run again under a higher load or under an applied displacement to 
capture larger displacements however, the current model was considered sufficient to 
capture the initial linear response and limit of proportionality.    
Initially, in the interest of computational efficiency, a tied contact was used to facilitate 
a mismatched mesh, coarsened in the substrate.  However, it has been shown that 
popular assumptions regarding the mechanical behaviour of the FR4 substrate material 
are incorrect.  It was therefore considered prudent to refine the substrate mesh and study 
the effect on results.  Also for simplicity, a single part with partitions for material 
discretisation was then employed. 
Refining the substrate twice produced little effect on the overall response, as shown in 
Figure 15 and Figure 16.  However, refining the substrate did bring about changes in the 
localised stress patterns.  Stress/strain data, extracted from the area at the solder/FR4 
interface, was sensitive to refinement of a mismatched mesh.  Given that the 
calculations also showed that the overall response of the structure is little affected, and 
considering that an orthotropic model does not take into account the laminar structure of 
the FR4 anyway, it was decided not to pursue this effect further during the current work 
and the model was deemed to be adequate. 
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Figure 15: Effect of refining substrate mesh on overall shear and tensile response 
 
Figure 16: Effect of further refining substrate mesh on overall shear response for small 
displacements 
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3.3.2 Solder elastic modulus 
Due to the surprisingly large range of published values for Young's modulus of SnAgCu 
(SAC) lead free solder, and its reported sensitivity to strain rate, it was decided to look 
into the effect of solder modulus value on calculated BGA behaviour.  Most measured, 
room temperature values of Sn3.8Ag0.7Cu Young's modulus are between 40 to 69 GPa.  
In the current FEA study a value of 46GPa has been used consistently, unless otherwise 
stated.  The implicit models shown here were quasi-static and did not account for strain 
rate, or material creep properties. 
As part of the current work and in collaboration with staff at the Technical University of 
Berlin, an acoustic method was used to measure an elastic modulus for SAC material at 
a range of temperatures.  This work is described in Error! Reference source not 
found..  The acoustic method (used to avoid suspected parasitic creep strain in 
mechanical tensile tests) gave an average measurement at room temperature of 
56.9GPa. 
3.3.3 Solder strain hardening 
The model was further enhanced by introducing linear strain hardening.  No published 
hardening property values could be found for Sn3.8Ag0.7Cu.  Kanda et al. [2012] 
published strain hardening exponent values for Sn3.0Ag0.5Cu, but Kanda et al. used a 
different specimen and loading arrangement, so it is likely that the published stain 
hardening values would not characterise the Park and Lee data.  So in the FE model 
values of the strain-hardening exponent were selectively modified to change the bi-
linear slope.  Unfortunately as agreement was improved for the shear test it deteriorated 
for the tensile test, as shown in Figure 17.  In this case the linear strain hardening 
assumption is probably too simple.  , In the absence of a more detailed stress-strain 
curve this was not pursued. 
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Figure 17: Park-Lee data and calculated force-displacement with and without 
hardening 
 
3.4 Independent validation against other data 
The FE approach is validated in this section against some of the Park-Lee data and some 
of the data from Ghaleeh. These are covered, respectively, in the two following 
sections.  Unfortunately it proved difficult to obtain other examples of independent data 
with sufficient detail of sample design and loading. 
A third sample design, Pang and Xiong's single joint shear lap [2003, 2005], was 
investigated.  Using the proposed through thickness FR4 properties in a hand 
calculation, developed for BGA tests in Chapter 4, showed good agreement to FE 
calculated displacement.  Although the measurements were not particularly useful in 
validation, this was an interesting exercise in applying the developed methodology to a 
wider range of published test design and so the exercise has been included in Appendix 
B. 
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3.4.1 Park and Lee 45° data 
As well as the tension (0°) and shear (90°) measurements used in the previous section, 
Park and Lee [2005] published a single force/displacement cycle for a load angle of 45° 
using the same 9-ball sample, see Figure 5. This published 45° load angle cycle is used 
here to partially validate the FR4 orthotropic properties and modelling approach. 
The proposed orthotropic properties shown in Table 7 were input (without further 
manipulation) to the model described in Section 3.2.1.  The FE calculations made using 
the proposed FR4 mechanical properties are shown in Figure 18, along with the 45° load 
angle data.  Measurements were again extracted by hand from a published plot [Park 
and Lee 2005].  Park and Lee did not publish the first uptake of load against 
displacement at 45°, nor did they indicate the cycle number associated with Figure 18. 
The measurements provide a reasonable general validation of the proposed FR4 values, 
in that this gives a slope approximately diagonal to the hysteresis loop, whereas using 
other published FR4 properties shown in Table 5 correspond to the extremes of the 
slope of the hysteresis loop.  However, the hysteresis loop is very wide indeed, 
indicating that there is a considerable contribution either from viscoelasticity or 
plasticity associated with the cyclic deformation. 
To improve the usefulness of the comparison shown in Figure 18, Park and Lee's 
published empirical data under monotonic load was compared to the corresponding load 
cycle data, separately for both the 0° and 90° measurements, in Figure 19 and Figure 20.  
In the comparisons of Park and Lee's monotonic and cycled loading measurements, 
sample and loading arrangement are assumed to be the same and load is similar.  It is 
not known if other test parameters were varied, but these comparisons confirm the 
qualitative validation shown in Figure 18. 
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Figure 18: Calculated behaviour under monotonic load shown with measured Park-Lee 
45° cyclic data 
 
Figure 19: Park and Lee [2005] measured monotonic and cyclic shear data 
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Figure 20: Park and Lee [2005] measured monotonic and cyclic tensile data 
 
3.4.2 Further independent validation using Ghaleeh data 
The 4 ball FR4 on FR4, BGA sample shown in Figure 21 was devised as part of an 
experimental programme to study the thermo-mechanical fatigue behaviour of SnAgCu 
lead free solders, Ghaleeh [2015].  All of the dimensions used in the 4 ball Abaqus 
model are shown in Table 8.  During the physical experiment the test piece was 
subjected to a shear load at room temperature.  A schematic diagram of the test set up is 
shown in Figure 22, Ghaleeh [2015], which essentially involves the use of an actuator to 
effect shear displacement control, an LVDT to measure the shear displacement and a 
load cell to measure the reaction force. 
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Figure 21: Example of 4-ball BGA test-piece, from Ghaleeh [2015] 
 
 
Material Dimensions (mm) 
 X Y Z 
FR4 Substrate 5.0  1.6 1.25 
Tin 0.73Ø 0.008  
Copper 0.73Ø 0.035  
Solder 0.8 Ø mid height, 
0.7 Ø interface, 
pitch 2.5 
 0.6  
Table 8:  Ghaleeh sample dimensions 
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Figure 22: Shear test set up for 4-ball BGA, Ghaleeh [2015],  adapted from larger 
image 
 
The shear force is applied through a metallic heat sink which has a square well 
machined into it, into which the sample fits.  The sample is therefore loaded along the 
edge of the square piece of PCB, which in turn transfers the load to the solder balls.  
Sample measurements were taken through the heat sink, some distance from the sample, 
but considered by the designer to be in line with a point at half the height of the upper 
substrate. 
An Abaqus General-Static model of the Ghaleeh 4 ball shear test specimen was 
generated (to capture large non-linear geometric deformations); with a geometry one 
quarter of the true sample geometry as shown in Figure 23.  The orthotropic properties 
obtained from fitting the Park-Lee measurements, as detailed in Table 7, were input 
(without further manipulation) into the model.  All other material properties, as detailed 
in Table 4, also remained constant. 
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To simulate the original Ghaleeh measurement: The displacement is extracted at a point 
half way up the extreme surface of the upper substrate, exactly in the centre of the  
upper substrate extreme surface. The extreme YZ surfaces of the lower substrate and the 
bottom surface of the FE model are fixed. 
Two methods were used, in turn, to apply the load.  Exactly the same sample response 
was achieved using both methods.    
Given the wide range of discrete material volumes, appropriate mesh densities were 
selected as shown in Figure 23, including a considerably coarser mesh in the substrate 
compared to the metallic material.  Further refinement of the substrate mesh showed no 
significant change in calculated global displacements.  The clamping/loading 
arrangement, as described above, was quite different from that used in the Park-Lee set 
up.  This is reflected in the Abaqus model commands.  A 12.5N load was applied to the 
quarter model, equivalent to 50N to the whole sample. 
 
Figure 23: Model of 1/4 of the Ghaleeh 4 ball BGA test piece, showing discrete mesh 
densities 
The results are shown in Figure 24 for an initial model using isotropic FR4 properties, a 
second model using the suggested orthotropic properties shown in Table 7 and original 
raw measurements from Ghaleeh [2015].  Markers have not been shown on the plotted 
measurement values, as due to the great number of measurements in the raw data this 
would not be practical.  FE extracted forces, from the quarter model, have been 
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multiplied by a factor of 4, for a direct comparison to whole sample measurements.  
Excellent agreement with the measured response and orthotropic model can be seen, 
including a degree of non-linearity.  This non-linearity is thought to be geometric as 
further loading of the FE models (beyond 24N applied in the real test) showed the 
sample still to be in the elastic region.  The comparisons support the conclusion that the 
modified properties are sensible. 
Ghaleeh [2015] discovered, within his physical test set-up, a significant proportion of 
the measured displacement came from outwith the sample, e.g. deformation in 
grips/adhesive.  He reported this extraneous strain to be a problem largely 
undocumented by other authors with respect to BGA micro-samples.  Ghaleeh, like 
other authors reported significant scatter in data from nominally identical tests. 
 
Figure 24: Measured 4 ball test sample force-displacement curve and calculations, with 
published isotropic and with suggested orthotropic FR4 properties 
In the FE model, force was applied directly to the sample and the overall FE model 
displacement was extracted directly from the sample, unlike the physical test set-up.  As 
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half height of the upper substrate, on the centre line.  It was noted, as expected, that 
there was variation in FE calculated displacement (U1) through the sample height and, 
had a different point been selected for extraction of FE data, this would have been 
reflected in the comparison.  This suggests that, although the proposed FR4 properties 
again give greatly improved agreement than when using other published properties, see 
Figure 24, the excellent agreement shown may be misleading. This matter is dealt with 
later in Chapter 4. 
The solder material used in Ghaleeh's tests was measured, as part of the current study, at 
the Technical University of Berlin to have an E value of 56.9GPa.  This value was input 
into the 4 ball orthotropic model and showed no change in calculated overall sample 
behaviour. 
 
3.5 Discussion of effect of chosen material properties and sample configuration 
Section 3.2 has highlighted the importance of using accurate orthotropic properties 
when modelling FR4 composite material in BGA assemblies.  For the current modelling 
using the same in-plane properties has shown good agreement to the measurements, it 
may be that future modelling may consider the influence of composite warp and fill 
direction mechanical properties.  Only one publication was found to measure FR4 warp 
and fill direction properties, Shrotriya and Sottos [1998], and this was to obtain creep 
data.  More sophisticated anisotropic material models are available in the Abaqus 
software. 
The simplified FR4/solder assembly shown in Figure 13, left hand side, clearly shows 
that the solder material not only deforms through shear and bending, but also rotates as 
a whole within the substrate material, this is addressed.  On top of this, there is also a 
shear deformation of the FR4.FE calculations also showed that the overall BGA sample 
behaviour was not sensitive to the solder modulus value (within bounds of typical 
published room temperature values), for all of the sample designs considered.  This 
reinforces the common understanding that empirical laws, used to directly relate whole 
 102 
 
sample strain to the fatigue life of micro-solder joints in this type of composite sample, 
cannot be applied universally. 
The current comparison to published data showed that the FR4 dominates the elastic 
response of the sample and the through thickness moduli, E and G, are crucial to this.  
This was shown through FEA of several BGA sample designs under shear and tensile 
loads; Park and Lee, Ghaleeh, and Pang and Xiong (see Error! Reference source not 
found.). 
No previous publication could be found that highlights the extreme influence of FR4 
through-thickness properties shown in the current work.  This is particularly important 
in studies of cyclic loading of solder joints as it is routinely assumed that hysteresis 
effects are due to plasticity and/or creep in the solder although, in practice, some of this 
may well be associated with the substrate. 
Using an orthotropic material model introduced considerable composite deformation, 
and revealed a previously unreported rotation of the solder joint at the composite/joint 
interface.  Poor agreement with measured data was shown when using a range of 
published composite elastic values and, suitably validated, through thickness values of 
E and G have been proposed, shown in Table 7. 
Validation of the proposed FR4 mechanical properties with the current analysis, was 
only possible with a limited set of published sample designs and data.  Considering the 
vast quantity of related publications, it appears surprising that few publish measured 
solder joint behaviour under mechanical load in sufficient detail that a coherent 
modelling approach can be developed in order to harmonise published findings and 
properties. 
It is usual, in any engineering research, reliability or manufacturing situation, that a full 
characterisation of all materials is obtained at the outset.  It is therefore surprising that 
there appears to be, as yet, no standard test or sample designs for micro-solder joint 
mechanical testing.  Given the range of tests used, the range of material properties 
(reported and used in published analyses) is not surprising. 
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The known sensitivity of solder material mechanical properties to sample volume and 
processing, requires test data to be obtained from realistic solder joints.  To facilitate 
mechanical testing of the small solder joints requires the soft solder to be attached to 
other material(s).  In using glass fibre composite for this function, the soft solder 
material has been attached to a material of softer through thickness strength.  Some 
authors, e.g. Zhang et al. [2014], Kanda and Kariya [2012], Maio et al. [2011], Suhling 
et al. [1994], have circumvented this problem by attaching to stiffer metallic substrates, 
although these materials, generally copper or aluminium, also exhibit a degree of 
elasticity and do not reflect common in-service configurations for solder joints.  The 
solder joint volume presents a challenge to directly and accurately isolate solder strain 
and, for this type of measurement, specialist equipment not normally deployable 
throughout an array is required. 
Complex assembly geometry, mixed materials and ensuing stress and strain 
distributions, limits the usefulness of classical analytical approaches to interpreting test 
results. 
The current work highlights the need for a simple analytical solution to adequately 
describe the mechanical behaviour of all of the assembled BGA materials.  The solution 
is required to quantify FR4 deformation and solder rotation, accounting for the 
influence of all the material properties (particularly the anisotropic composite) and 
sample geometry.  This is a prerequisite to isolating the proportion of solder 
deformation, for any given interconnect package design under a (possibly complex) 
range of loads. 
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Chapter 4 Parameterisation of the components of sample shear 
displacement 
 
In this chapter the relative magnitudes of the individual components of deflection are 
isolated using linear FE analyses and basic engineering calculations, with a view to 
parameterising the results in a way that they could be applied to more general BGAs.  
The theoretical analysis developed here has been applied to both the published Park-
Lee [2005] 9-ball sample design and the 4-ball sample design, Ghaleeh [2015].  In 
Chapter 3 it was established that the FE model reflected very well the global load-
deflection behaviours of these real samples and the function of this Chapter is to 
establish the extent to which this global agreement can be encapsulated in simple 
analytical expressions which help to explain the effects of aspects of the design of 
BGAs. 
 
In Chapter 3 it was shown using FEA that the calculated deformation in a solder ball 
accounted for only a small proportion of published measurements of total sample 
displacements.  The major components of overall displacement being shear deformation 
in the substrate and the shear displacement associated with rotations at the solder / FR4 
interface.  Having identified the component deformations, this chapter is devoted to 
finding a systematic way to quantify each using the following approach. 
In sections 4.1 to 4.3 strength of materials analysis, backed up with FEA, is used to 
describe the components of deformation:  
 Shear and bending of solder material; including the effect of solder aspect ratio 
(height/average diameter) on accuracy of solder shear and bending calculations. 
 Shear of substrate material; including the effect of solder joint diameter on 
substrate shear 
 Boundary rotation, backed up by published analysis [O'Donnell 1960];  
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The O'Donnell rotation solution, and simple shear and beam theory are intended for use 
with specified geometries.  In the following sections each of the components of BGA 
displacement are examined in turn, and where the BGA geometry inhibits use of simple 
strength of materials solutions, FEA is used to either quantify the error or to generate 
legitimate modifications so that the analytical formulae may be applied with confidence 
to a range of designs.    
The shear and bending calculations were straightforward.  Although FEA showed that 
solder deformation is reduced when substituting a rigid boundary for an elastic 
boundary.  Also, to account for the variation in stress through the height of the 
composite and therefore total composite shear displacement, the basic shear calculation 
was modified.  This modification appears to work very well without further 
manipulation for differnt designs under shear load. 
Background analysis of the original O'Donnell boundary rotation solution, using FEA, 
confirmed the accuracy of the published solution for application to O'Donnell's original 
test specimen design.  To enable the O'Donnell solution to be used with other designs, 
including BGA designs, each of the key effects of geometry is isolated and quantified 
(parameterised).  This is based on the artificial assumption that the effects are not 
interdependent.  FEA and curve fitting is used to quantify the effects of geometry with 
respect to boundary rotation, for a range of geometries: 
 Effect of solder aspect ratio 
 Length of beam (height of solder ball) 
 Substrate, height, depth, width 
 Cross sectional area and shape of solder 
 Effect of mixed materials in assembly 
These curve fits have been used here to generate correction factors for each parameter 
for a given geometry.  In section 4.4, the usefulness of the hand calculations with these 
correction factors is demonstrated against published data, Park and Lee [2005], Ghaleeh 
[2015].   Additional effects on BGA deformation, not addressed by the solution, are 
considered in section 4.5, solder joint array, substrate overhang. 
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First, a solder ball was modelled simply as a cylindrical column with an encastré 
condition at both ends (no substrate material), Section 4.1.  The displacements of the top 
relative to the bottom due to bending and shear were calculated separately using basic 
mechanics and using a simple FE model, shown in Figure 13 right hand side.  This 
confirmed that displacements calculated, assuming a fixed foundation, were much 
smaller than those measured in the tests and calculated by FE models with a substrate 
material defined with realistic orthotropic values, as in Chapter 3. 
Next the complex stress distribution in the composite substrate was considered, Section 
4.2.  This was dealt with by artificially 'smearing' the strain, in order to develop a 
parametric equation which provides an analytical solution to predict overall substrate 
shear displacement. 
Finally, a method suggested in Young and Budynas [2002] was used calculate 
(previously unreported) boundary rotations using an analytical solution for a stepped-
depth cantilever of uniform thickness.  Examination of the original source, O’Donnell 
[1960], revealed that the solution had been validated by the author’s own experimental 
data obtained from a specially-designed test-piece.  To ensure appropriate application of 
the solution, a sensitivity study was conducted to identify the key geometric and 
material parameters.  Each of these steps is described in detail in the following sections. 
 
4.1 Deformation of the solder ball, approximated as a column 
Equations ( 2 ) and ( 3 ) were used to determine the lateral displacement of an isolated 
solder column, Munday and Farrar [1979], Hearn [1997].  Where , F, h, E, I, A, G are 
deflection, applied force, solder height, Young's modulus, second moment of area, cross 
sectional area and shear modulus.  Where the column diameter is here taken as the 
average diameter of the real solder joint (that is the 4 ball sample described in Chapter 
3).  The calculation was performed for columns of different lengths. 
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For comparison, an FE model was generated of the isolated solder column with an 
encastré condition at one end, and encastré apart from lateral movement at the other 
end, see Figure 13, right hand side.  Figure 13, left hand side, also shows a solder 
column of identical geometry, built in at both ends between FR4 substrates.   
Both the analytical and FE encastré command assume a fixed boundary.  The agreement 
between FE without substrate and analytical calculations was within 1% for a 'long' 
column (length = 20 × depth) and 5% for a 'short' column (length = ½depth).  This is in 
line with published recommended limits for the use of Equation ( 2 ) and Equation ( 3 ), 
Dieter [1988], Gere and Timoshenko [1997]. 
The solder displacements measured in the tests and calculated by FEA of whole BGA 
samples shown in Chapter 3 are much larger than those calculated for isolated solder 
material of geometry representative of the solder balls in the test specimens using 
Equation ( 2 ) and Equation ( 3 ) and the FE model of isolated solder material shown in 
Figure 13, right hand side.  The explanation for this discrepancy can be seen in Figure 
13, which compares representative FE models with and without an FR4 substrate. 
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4.1.1 FE verification of approximating the solder joint as a column 
Using linear analytical calculations cannot capture potential non-linearity in the real 
geometry, material and test conditions.  This section shows that, using the simplified 
solder geometry, linear FE and the simple analytical calculations of material behaviour 
can quickly give a reasonable approximation of BGA behaviour. 
The assembly shown in Figure 13 left hand side, is an Idealised representation of the 4 
ball sample described in Chapter 3.  A more realistic, detailed, non-linear 'full' FE 
model, which includes a spherical solder ball geometry and copper lands with metallic 
finishes, is described in Chapter 3.  Table 9 shows agreement to within 1% between FE 
calculated whole sample global deflections of the model shown in Figure 13 left hand 
side, compared with the more detailed 'full' model of the 4 ball described in Chapter 3.  
Both FE assembly models used the proposed FR4 orthotropic material values 
determined in Chapter 3.  The load shown, 11.55 N applied to the whole sample, was 
selected for the comparison as it is believed to be close to the elastic limit but within the 
region of whole sample elastic response.  The excellent agreement between 
measurement and 'full' FE is possibly misleading given the number of initial 
assumptions, approximations and unknowns.  It does however provide some validation 
for the modelling. 
 Load per solder connection 
(N) 
Global displacement (µm) 
Idealised FE 2.88 6.77 
'Full' FE 2.88 6.83 
Measurement 2.89 6.82 
Table 9: Comparison of FE calculated global sample deflections with measurements 
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The use of beam theory to quantify shear displacement and bending deflection in a short 
solder connection does raise concerns, as highlighted in Young and Budynas [2002] and 
Gere and Timoshenko [1997].  However, by using beam theory in conjunction with FE, 
it was possible to determine the proportion of shear and bending components in the 
short solder 'beam'.  Both methods agreed that solder deformation only accounts for 
around 5% of measured global sample deflection in the BGA designs examined. 
 
4.2 Shear deformation of the substrate 
Figure 25 and Figure 26 show the upper substrate of the FE model shown in Figure 13, 
left hand side.  In both plots the Z plane shown represents the plane of symmetry above 
the solder joint, and the location of the solder joint interface is shown.  The solder joint 
and lower substrate are not shown.  Figure 26 also shows a second cut view taken in the 
XZ plane, 0.3mm above the solder interface.  Both views show how complex the shear 
strain distribution through the substrate is, particularly around the interface with the 
solder ball.  Orthotropic composite material properties have been used in the model. 
 
Figure 25: Through thickness view of shear strain distribution within FR4 substrate 
solder joint interface
Z
Y
X
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Figure 26: Plan view of shear strain distribution within FR4 substrate, 0.3mm above 
mid-line of connection interface 
At substrate through-thickness heights, hy, of 0, 0.4, 1 and 1.6mm, several paths were 
created in Abaqus along the view shown in Figure 25.  The XY shear strains were 
extracted along these paths and are shown in Figure 27.  To obtain a simple analytical 
description, it was assumed that the substrate shear strain could be smeared around the 
solder ball interface into an effective uniform shear strain over a cylinder of height 
equal to the substrate thickness and with an effective diameter to be determined.  To 
estimate this effective diameter a goal-seek command was used in Excel, with Equation 
( 3 ), to find the value which would give the lateral displacement corresponding to the 
FEA.  The through thickness shear modulus of 1500MPa, determined in Chapter 3, was 
used.   
The effective diameter thus found was 1.44 × the average solder diameter.  Using the 
determined effective substrate diameter, overall effective shear strain was calculated 
and shown in Figure 27.  As can be seen, although the local FE results deviate 
considerably, the overall effective shear strain does appear to bound these sensibly.  
When calculating the whole sample deformation component due to shear deformation of 
the substrate material, it is, of course, necessary to sum the shear deformations of both 
substrates. 
Y
X
Z
solder joint interface
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Figure 27: FR4 substrate shear strains extracted at various through-thickness heights  
along with effective strain and diameter 
 
The relative geometry of the  4 ball sample was used to fit the effective diameter 
formula (1.44 × the average solder diameter).  As a test of the parameterisation 
described above, the same effective diameter correction factor was applied to the 9-ball 
Park-Lee sample which has a thinner substrate.  Table 10 shows the calculated FR4 
shear displacement per unit lateral force, top and bottom substrate displacement 
combined, with and without the effective diameter correction factor.  For comparison, 
Table 10 also shows the predicted FR4 displacement from an 'idealised' linear FE model 
of a single connection from the Park-Lee sample.  The FE model approximates the 
solder material as a cylinder of diameter 0.672mm (average solder ball diameter), 
between two orthotropic FR4 substrates of section 1.27 × 1.27mm (pitch size), with 
copper/tin pads intentionally omitted.  The comparison shows that applying the 
correction factor, gave shear deformations with a good degree of agreement to 
corresponding FE data. 
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 Calculated shear displacement in 
both FR4 substrates (µm) 
Analytical calculation using true interface diameter 3.0075 
Analytical calculation using effective interface diameter 1.4504 
FE  1.4542 
Table 10: Comparison of idealised linear FE with analytical equations for a single Park-
Lee connection under 1N load per connection 
 
4.3 Boundary rotation 
To parameterise the rotation due to an elastic foundation, the following equation, Young 
and Budynas [2002], was used as a basis:  Where   is the rotation of the support 
boundary, in Radians.  M, h1, and V, are the bending moment per unit width (w), depth 
of beam and shear force per unit width. 
 
   
       
      
  
      
    
 
 
( 4 ) 
 
 
However, in citing this equation, it is not made clear that the original author, O'Donnell 
[1960], derived the expression for a very specific test geometry.  A study was therefore 
carried out to investigate the possibility of generalising this equation for application to 
the current problem and, indeed, for wider use. 
O'Donnell proposed  Equation ( 4 ) to quantify the rotation of a cantilever beam due to 
flexibility in the support, and with validation by his own experimental data (given in the 
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paper) obtained from a unique test-piece design.  Figure 28, Top, shows the design with 
dimensions in inches and Figure 28, bottom, shows the test set-up.  Where A, B, C, D, 
E, F and G are the test cantilever, the reference cantilever, the roller of loading bolster, 
the cylindrical seat of the loading bolster, the roller of support bolster, the extensometer 
and the clip gauges. 
 
Figure 28: Top: sketch of O'Donnell sample, Bottom: experimental set-up, O'Donnell 
[1960] 
4.3.1 FE analysis of  the O'Donnell specimen 
To verify the O'Donnell equation, a Finite Element model of the O'Donnell steel test-
piece was used to obtain rotations over the range of O’Donnell’s original data.  
Comparison of the hand calculated data with FE calculations showed excellent 
agreement to within 0.36%.  The left hand side of Figure 29 shows the FE model of one 
half of the O'Donnell test-piece (an appropriate symmetry command was used to model 
the whole sample).  O'Donnell applied a vertical load to the lower built-in beam and 
measured the rotation at the beam/substrate boundary. 
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The right hand side of Figure 29 shows a simplified geometry also used during in the 
investigation and described in section 4.3.2.  The original O'Donnell (OD) sample was 
cut from a single sheet of steel of uniform thickness, the beam being of rectangular 
cross-section, built into a support made from the same isotropic material, and was 
subject to a shear force and a bending moment.  As a first stage in likening the FE 
model to BGA fixing methods, approximating the true X-plane symmetry boundary 
condition to a Y=0 edge and an encastré command in the same X-plane was found to 
make no difference to calculations. 
 
Figure 29: Left hand side: FE model of one half of the O'Donnell test piece, Right hand 
side: FE model of a simplified geometry 
 
As noted by O'Donnell in his original paper, the rotations vary across the depth of the 
beam boundary and he took care to extrapolate his measured rotations to the beam 
centreline.  To simulate this, the FE rotations were calculated, by extracting the 
longitudinal displacement of the beam from nodes closest to either side of the neutral 
axis of the beam.  The combined displacement of both nodes (U1) was divided by the 
distance between the specified nodes to obtain rotation.  The exact value extracted for 
rotation is therefore dependent on distance between selected nodes, and it is very 
important in the FE analysis to use a consistent mesh refinement. 
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To illustrate the method used to obtain FE rotation data, Figure 30 shows FE-calculated 
longitudinal boundary displacements (U1) for different beams under 1N load, where U1 
is the displacement in the X direction, orientation as shown in Figure 29.  The data 
shown has been extracted from models used later in the current study, see sections 4.3.3 
and 4.3.5.  Deflections calculated from the FE model have been extracted through the 
beam depth, Y, on the vertical centreline and at the boundary with the substrate. 
The data shown in Figure 30 includes displacements from two long beams of length 
equivalent to the original OD sample beam length, and two short beams of length 
approximately proportionate to the 4 ball Ghaleeh BGA sample solder height (with 
respect to beam cross sectional area).   
 
Figure 30: Boundary deflections through the beam depth, Y, for long beams and short 
beams of square and rectangular cross sections, under 1N load 
Geometry of the FE models used to generate the data shown in Figure 30 is described in 
Table 11.  Boundary rotation is clearly visible in the short beam model.  In comparison, 
the long beam models show considerably more U1 lateral boundary displacement, as 
expected due to a higher value of applied moment.  All models shown have the original 
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OD beam cross sectional area (CSA 0.75mm
2
), one of each of length having the original 
OD beam shape and one having a square cross section shape.  Beam shape (with 
constant CSA and subsequent small change in I) is shown to have a small effect, for this 
model design and value of I. 
 
FE model label Description of FE model geometry 
longbeamX7Y5Z4 Beam length/beam depth ratio is 7, beam cross-section shape is as 
per original O'Donnell specimen, beam depth is scaled to unity, 
substrate geometry is modified from original O'Donnell specimen 
to saturation of substrate volume effect as described in Chapter 4. 
longbeamX7Y5Z4sq Beam length/beam depth ratio is 7, beam cross-section shape is 
square, beam depth is scaled to unity, substrate geometry is 
modified from original O'Donnell specimen to saturation of 
substrate volume effect as described in Chapter 4. 
shortbeamX7Y5Z4OD Beam length/beam depth ratio is 0.8, beam cross-section shape is 
as per original O'Donnell specimen, beam depth is scaled to unity, 
substrate geometry is modified from original O'Donnell specimen 
to saturation of substrate volume effect as described in Chapter 4. 
shortbeamX7Y5Z4square Beam length/beam depth ratio is 0.8, beam cross-section shape is 
square, beam depth is scaled to unity, substrate geometry is 
modified from original O'Donnell specimen to saturation of 
substrate volume effect as described in Chapter 4. 
Table 11: Explanation of FE model labels used in Figure 30 legend 
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4.3.2 Applying the O'Donnell equation to BGA designs 
Having determined excellent agreement between O'Donnell's Equation ( 4 ) and FEA 
calculated displacements for the original O'Donnell geometry, next Equation ( 4 ) was 
used to calculate rotations for a simplified representation of the 4-ball sample, Ghaleeh 
[2015].  The simplified model, shown in Figure 13 approximates the solder ball as a 
cylinder, with the joint consisting of only solder and composite substrate material, i.e. 
no copper pad, metallic finish, or intermetallic layer.  Previous calculations of whole 
sample displacements made using this simplified FE model have shown good agreement 
to whole sample displacement data from a more detailed FE model of the full 4 ball 
BGA sample and measurements, see Figure 24. 
Rotations were calculated using both the simplified FE model shown in Figure 13 left 
hand side and Equation ( 4 ), with solder and FR4 materials defined using a single 
modulus value of 3000 MPa, i.e. the substrate through thickness modulus.  For inputs w 
and h1, the solder average diameter was used.  For beam length, solder height was used.  
For Young's modulus and Poisson's ratio, the through-thickness properties of the 
orthotropic FR4 support were used.  The calculated rotations for this geometry differed 
by 22%, which is perhaps unsurprising given the obvious differences between the OD 
test piece and the BGA specimens, shown in Figure 31 and discussed in detail below.  
 
 
Figure 31: Comparing O'Donnell sample substrate shape with typical BGA solder joint 
(approximated as a cylinder) 
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It was assumed that FE analysis could be used to modify Equation ( 4 ) to confidently 
extend the range of applicability of the O'Donnell equation, in particular to predict 
rotations in BGAs.  Therefore before using equation ( 4 ) to predict boundary rotations 
in a BGA sample, the following differences need to be considered and taken account of; 
When applying the analytical parametric solution to BGAs, it is assumed that the solder 
column is the beam and the FR4 composite is the support. 
1)  Length of beam/depth of beam or aspect ratio 
2) Substrate shape and volume, proportionate to beam dimensions 
3) Shape of beam cross sectional area (CSA) 
4) Substrate and beam elastic moduli 
5) Solder joint boundary conditions 
 
The following sections investigate each design effect, in turn.  Before commencing the 
parametric study, the beam length of the O'Donnell sample was reduced slightly in 
order to apply an equivalent surface traction boundary condition on one vertical plane 
(as opposed to O'Donnell's original pressure on a horizontal plane), see Figure 29 right 
hand side.  This modification simplified the modelling process whilst having no effect 
on the FE results. 
The O'Donnell FE model was then scaled to have a beam Cross Sectional Area (CSA) 
close to the 4-ball sample joint interface CSA.  As expected, the excellent agreement 
with Equation ( 4 ) was preserved (within 0.3%).  This CSA-scaled model (still with a 
relatively long cantilever) is referred to as “OD Scale” and will be used extensively as a 
reference in the following parametric FE study.  The OD Scale model material remains 
unchanged (uniform steel) and the beam is a cantilever. 
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4.3.3 Effect of beam length on rotation 
The solder joint aspect ratio, length divided by diameter, is significantly different to that 
of the original O'Donnell sample, making the proportion of shear stress to bending 
stress considerably different for a given applied force, see Figure 6 and Figure 28.  The 
isolated effect of aspect ratio on accuracy of calculations made using Equation ( 4 ) is 
investigated here. 
Starting with the OD Scale model geometry of original uniform steel, the beam length 
was progressively reduced and the response to a surface traction load of 1N was 
calculated for each length using both FE and Equation ( 4 ).  The resulting rotation, as a 
ratio of FE to Equation ( 4 ) calculated values, is plotted in Figure 32 as a function of 
beam length/depth ratio. 
As can be seen in Figure 32, Equation ( 4 ) reproduces the FE calculated rotations only 
for relatively slender columns.  Agreeing to within 2% for length/ depth ratios above 3.  
As the beam length gets shorter, significant errors can result.  For example, considering 
the ratio for the 4-ball sample geometry, Ghaleeh [2015] with a beam length to beam 
depth ratio of 0.89 shown dotted in Figure 32, Equation ( 4 ) overestimates the rotation 
by about 18%.  As the aspect ratio approaches zero, corresponding to pure shear, the 
overestimate goes through a maximum (minimum on the curve) of about 80%, returning 
to around 25% in the pure shear limit. 
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Figure 32: Effect of beam length/beam depth on accuracy of Equation ( 4 ) compared 
with FE model. Dotted line corresponds to 4-ball geometry 
A third order polynomial was fitted to the data in Figure 32, proposed for use within the 
limits of beam length/beam depth ratios of 0.69 to 6.97, which covers all practical cases 
considered and also fits with the OD Scale model.  The resulting correction factor, C2,  
is represented by Equation ( 5 ) where x is the beam length/beam depth ratio.  For 
example, the calculated correction for the simplified 4-ball sample is 0.89.  The quality 
of the fit is shown in Figure 33, on average less than 1% different to the value 
determined by FEA: 
           
                            
( 5 ) 
It is intended that these reported equations and corresponding parameters could be used 
for independent verification of the work, and to this end an unusual number of 
significant figures have been shown in all rotation correction factor equation multipliers 
as the calculated correction factor value is highly sensitive to the equation multiplier 
values. 
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Figure 33: Best-fit polynomial for boundary rotation beam length correction factor, C2 
4.3.4 Effect of substrate volume on rotation 
One key difference between the OD Scale model and a solder BGA ball is the volume 
of substrate surrounding the contact area.  As can be seen in the schematic 
representation in Figure 31 the volume effect has three dimensions, X, Y and Z and 
these are considered in turn in each of the following sub-sections.  In reality commercial 
substrate through thickness height can be a factor of 5 larger than the BGA solder 
height, but this detail has been ignored here in order that both scaled sample designs 
could be shown together. 
To investigate the effect of substrate size and volume on boundary rotation, the OD 
Scale model was progressively altered towards the 4 ball sample substrate geometry.  
The discrete effects of each of the three substrate dimensions (Y, X, Z, as shown in 
Figure 31) were examined by sequentially reducing or increasing the relevant 
dimension, keeping all other model dimensions constant.  For comparison the sketch 
uses the same coordinate system shown in Figure 29.  Again the resultant FE rotations, 
under 1N load, were compared to Equation ( 4 ) calculations and plotted. 
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4.3.4.1 Substrate Y dimension effect on rotation 
The substrate Y dimension was sequentially reduced, starting from the OD Scale model 
down to the minimum value of unity, all other original OD dimensions being kept 
constant, orientation shown in Figure 34.  As before, the results are presented, see 
Figure 35, as the ratio of the FE calculations to the Equation ( 4 ) hand calculations 
against substrate Y dimension/beam Y dimension (substrate Y ratio).  The original OD 
and 4-ball sample substrate Y ratios are also shown in Figure 35, where pitch has been 
used as the BGA substrate Y dimension.  It was not felt necessary to show calculations 
for Y ratios above 10 as the effect has reached saturation at Y ratio's well below 10. 
 
 
Figure 34: Visualisation of substrate Y dimension, sequentially reduced in FE models 
from original O'Donnell design towards BGA designs and unity 
 
 
 
Substrate Y dimension
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Figure 35: Effect of  substrate Y dimension reduction on accuracy of Equation ( 4 ) 
 
Figure 35 shows that for substrates of Y ratio above 5, substrate Y dimension/beam Y 
dimension, the Y dimension effect has saturated and FE calculated rotations give 
agreement to O'Donnell's Equation ( 4 ) to within 1%.   
It was noted, as substrate Y value is reduced, the substrate itself is able to act as a beam 
and contributes additional rotation/deflection and, in the limit where the Y-ratio is unity, 
the substrate depth essentially adds to the length of the beam and the rotation is entirely 
due to the local slope of the beam at the “interface”.  At a Y- ratio equivalent to the 4-
ball sample (3.33), Equation ( 4 ) underestimates the FE-calculated rotation by about 
6%.  For ratios below 3 this effect rapidly increases to a maximum factor of about 8 
(typical commercial BGA geometries have Y ratios of around 1.6 to 1.7, Selex ES 
[2015], Altera [2014], Intel [2010]). 
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To account for the effect of variations in Y substrate dimension on rotation a fourth 
order polynomial was fitted to the data in Figure 35, for Y ratios between 2 and 10, and 
is correction factor C4: 
          
                              . 
( 6 ) 
As indicated by the R
2
 number, using a 4
th
 order polynomial ensured a good fit when 
comparing the calculation to FE data over the range of beam lengths selected.  As 
shown in Figure 36.  Where x is substrate Y-ratio.  Again the number of parameter 
multiplier significant figures shown reflects the detail required for any future 
independent verification. 
 
 
Figure 36: Best-fit polynomial for boundary rotation substrate Y ratio correction factor, 
C4 
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4.3.4.2 Substrate X dimension effect on rotation 
To observe and quantify the substrate X dimension effect (through thickness), the OD 
Scale model substrate X dimension was progressively reduced, then increased, 
following the global coordinate system shown in Figure 31.  The Y-ratio was kept 
constant at 5, to be within the saturation of the Y-ratio effect, but not excessively so.  A 
unity beam depth (beam Y-dimension) was used and the X ratio was defined as the X-
dimension (i.e. substrate thickness/beam depth where beam depth is 1).  All other OD 
Scale model dimensions were kept constant. 
 
Figure 37: Visualisation of substrate X dimension, sequentially varied in FE models  
from original O'Donnell design towards BGA designs 
As before, the FE calculations were compared to the analytical ones using a ratio, and 
the results are plotted in Figure 38 as a function of X-ratio.  The process was repeated 
for both the OD Scale long beam and short beam models.  The OD Scale model's 
substrate X-ratio (equal to 3) is shown on Figure 38 as a vertical dotted line and, as 
expected, there is 100% agreement between FE and Equation ( 4 ) for the long beam at 
this ratio.  Reducing the X-ratio (to represent thin substrates) results in an overestimate 
of rotation by Equation ( 4 ), whereas increasing the X-ratio causes an increasing 
underestimate, which, unlike the Y-ratio, does not saturate for very thick substrates.  
The short beam changes more rapidly than the long beam at X-ratios above 3 and gives 
a similar overestimate for thin substrates. 
Substrate X dimension
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Figure 38: Effect of X-ratio (substrate thickness) on accuracy of Equation ( 4 ), Y ratio 
= 5 throughout 
 
The 4-ball sample equivalent geometry, considered during the current study, has an X-
ratio of about 2.3 and commercial BGA PCB substrates thickness can vary greatly, 
Selex ES [2015].  The Original O'Donnell design and OD scale model dimension X-
ratio is 3. Where dimension-ratio values are below 3 the encastré boundary condition 
dominates beam response, reducing boundary rotation, assuming of course that the 
substrate itself is attached to a rigid base.  If not, the modelling would have to be 
extended to include additional components, making a simple analytical solution less 
likely.  As the intention here is to provide an analytical solution for shear test samples 
that are assumed to be rigidly constrained within the test set-up, alternative constraints 
were not considered. 
For X-ratios larger than 3, the substrate itself acts as a beam and contributes its own 
deflections/rotations (additional to the original boundary rotations, and similar to the 
effect shown in the above Y-ratio study, Figure 35).  An extra Y constraint was added to 
the FE models, to attempt to isolate the boundary rotation of interest and exclude the 
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increasing global rotations of the specimen/bulk substrate deflections, keeping the Y-
ratio at 5.  Figure 39 shows that this additional Y constraint removes the large 
underestimates associated with large X-ratios, but has little effect on the rotations for X-
ratios from 3 downwards.  For X-ratios of 2 and above, the FE calculated rotations (long 
beam) are in agreement with Equation ( 4 ) to within 3% and the X-ratio effect saturates 
(thick substrate limit) at X-ratios of between 5 and 8. 
 
Figure 39: Effect of X-ratio (substrate thickness) on accuracy of Equation ( 4 ) modified 
to remove substrate beam effect. Y ratio = 5 throughout 
 
To determine a substrate X dimension correction factor, Equation ( 7 ) was fit to the 
data shown in Figure 39, with the additional Y constraint, valid for substrate X 
dimension ratios of 1 to 10 and for the long beam:   
            
                                  
( 7 ) 
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This is also shown in Figure 40, along with the polynomial equation for the short beam.  
Again, an unusual number of parameter multiplier significant figures have been shown, 
so that the detail could be used in future independent verification. 
 
 
Figure 40: Best-fit polynomial for boundary rotation substrate X ratio correction 
factor, C3, for long and short beam 
 
4.3.4.3 Substrate Z dimension effect on rotation 
The original OD specimen has a uniform thickness over substrate and beam, as shown 
in Figure 31, left hand side, and Figure 41.  The equivalent BGA sample substrate 
dimension (pitch size) is much larger than the solder joint diameter, Figure 31 left hand 
side.   
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Figure 41: Visualisation of substrate Z dimension, sequentially varied in FE models 
from original O'Donnell design dimensions towards dimensions of BGA designs 
 
Pitch size can vary widely between individual joints, although, in a commercial BGA it 
is common for the substrate Z-ratio (BGA pitch/beam width) to be less than 3.  To 
approximate the typical geometry of BGA samples (and to isolate the substrate Z 
dimension effect on rotation) requires expanding the substrate in the Z direction.  Again 
the global coordinate system shown in Figure 29 and initially the OD Scale, 'long' beam, 
model was used.   
In the FE modelling the substrate Z-ratio (substrate thickness/beam thickness) was 
sequentially increased from the OD value of unity and the corresponding agreement 
between Equation ( 4 ) again expressed as a ratio, the results being shown in Figure 42.  
The effect can be seen to saturate at an overestimate of rotation of about 40% with 
substrate Z ratios of 3.5 and above. 
 
Substrate Z dimension
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Figure 42: Effect of Z-ratio (substrate thickness) on accuracy of Equation ( 4 ) modified 
to remove substrate beam effect. 
 
The procedure of expanding the Z substrate dimension was repeated, using the short 
beam model, but here the OD Scale model substrate X and Y dimensions were modified 
to an X ratio of 7,  and Y ratio of 5, i.e. within effect saturation as described above in 
section 4.3.4.1 and 4.3.4.2, expanding the X ratio to isolate substrate thickness (Z) 
effect from X ratio effect.  Reducing the Y ratio, whilst remaining within effect 
saturation, reduced required computation effort.  Calculations were repeated for both 
long and short beams.  The agreement of FE calculations to Equation ( 4 ) with respect 
to changing Z ratios is shown in Figure 43.  This X, Y substrate reduction increased the 
agreement of FEA to ( 4 ) by within 1% for the long beam model and by about 10% for 
the short beam. 
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Figure 43: Effect of Z-ratio (substrate thickness) on accuracy of Equation ( 4 ) for long 
and short beams, with and without substrate X and Y ratio's reduced 
 
To determine a substrate thickness correction factor, a polynomial equation was fit to 
the data, see Figure 44, valid for substrate Z dimension ratios of 1 to 3.85, for the short 
and long beam.  The correction factor for the long beam model is: 
            
                      
( 8 ) 
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Figure 44: Best-fit polynomial for boundary rotation substrate Z ratio correction factor, 
C5, for long and short beam 
 
4.3.5 Effect of shape of beam cross-section on rotation 
So far, the modifications to the OD Scale model have not addressed the fact that  
O'Donnell's data was obtained from a beam of rectangular cross section, with width 
equal to 0.75depth.  To investigate the effect of beam shape on FE calculated boundary 
rotations, models were generated for the following beam cross section shapes; the OD 
Scale model, circle, square, and rectangle of depth equal to 0.75width.  Again, a steel 
cantilever was considered with a traction load applied to the FE models.  To isolate 
beam shape effect, models with the 'long' beam length only were used (beam length to 
beam depth ratio of 7.75), and the same boundary conditions are used as in the previous 
section (X-Encastré, Y=0) were again used. 
Comparing FE calculated rotations in beams of the same CSA but different shapes 
showed considerable scatter.  Comparing these rotations with their corresponding I 
value shows improved agreement in the correlation between the different shaped beams, 
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as could be expected.  It is generally understood that, under a given load, beams of 
different shapes but same CSA produce very different rotations and beams of different 
shape but the same I value are normally expected to give similar results. 
Figure 45 shows the calculated boundary rotations with 1N load applied to models of 
increasing second moment of area (I), for each shape.  The analytical calculations using 
Equation ( 4 ) are shown alongside as solid lines and the FE calculations are shown as 
dashed lines.  Only one 'shallow wide' rectangle cross-section beam model was run at a 
CSA equivalent to the 4-ball sample joint, shown as a pint on Figure 45. 
When calculating rotation Equation ( 4 ) takes into account width and breadth and is 
therefore able to distinguish between a rectangle and a square of the same I value.  This 
is not so with a circular cross section, so an analytical calculation of rotation in a beam 
of circle cross-section is not possible.  The FE predicted rotations were always smaller 
than the Equation ( 4 ) predicted rotations, this being a consequence of using the 
modified OD Scale model substrate with saturated volume effects (dimension ratio of X 
is 7, Y is 5, Z is 4). 
Comparing calculated rotations, for a specific I value larger than 0.025mm
4
, whether by 
FE or by Equation ( 4 ), shows negligible difference with respect to beam shape.  So 
beam shape has been shown irrelevant for the purposes of Equation ( 4 ) when 
considering constant second moment of area, I, values above 0.025mm
4
.  For smaller 
second moment of area values the agreement quickly diverges.  It is common for BGA 
solder connections have I values lower than 0.025 mm
4
. (this would equate to cylinders 
of diameter 0.845mm or smaller). 
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Figure 45: Effect of section shape and second moment of area on rotations calculated 
using FEA and Equation ( 4 ) 
 
Figure 45 shows that FE calculations of Boundary rotation depend on second moment 
of area not shape as implied by Equation ( 4 ), O'Donnell [1960], and the shape effect is 
negligible for second moment of area, I, values larger than 0.025mm
4
, for the substrate 
volume considered. 
When applying Equation ( 4 ) in cases of circular cross-section, it is sensible to 
substitute true dimensions for dimensions proportionate to O'Donnell's rectangle cross 
section (width equal to 0.75depth), preserving the original beam second moment of area 
value, and for the new width and depth values to be input into Equation ( 4 ). 
For cases of circular cross-section combined with a very low  value (as in the current 
problem) a correction factor is required.  For example the 4-ball sample, I=0.01533 
mm
4
 and average diameter of connection 0.75mm, Figure 46 which shows that the 
difference between FE predictions for a circle and scale OD CS is 8.26% (correction 
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factor =1.083).  For a universally applicable BGA constitutive behaviour solution, an 
accurately determined correction factor for lower I values would be required. 
 
Figure 46: Close up of Figure 45 
 
4.3.6 Effect of mixed materials and determining an effective modulus on rotation 
O'Donnell's equation assumes a uniform material, but solder may be used to join many 
different materials, often in layers, some of which can be very thin.  Furthermore, 
samples used to investigate solder behaviour may similarly use a variety of materials to 
hold the solder balls in place, including parts of real devices, such as BGAs.  To make 
this investigation manageable, the current focus in on the behaviour of a solder 
connection (beam) connected to substrates only of FR4 composite, which has a low 
through thickness modulus relative to the solder. 
When using Equation ( 4 ) to determine boundary rotations in a system of mixed 
materials, it was assumed sensible to use the through thickness substrate value of 
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Young's modulus, E, and Poisson’s ratio, , as equation inputs.  This approach was 
shown to be sensible in the following study. 
First Predicted rotations made using Equation ( 4 ), with the suggested through 
thickness substrate value of Young's modulus, E, and Poisson’s ratio, , as equation 
inputs, were compared to more realistic FEA using a mixed materials system of solder 
beam and a orthotropic FR4 substrate.  Reasonably good agreement was achieved.  Next 
in the FE model the orthotrpic substrate material values were substituted for the same 
isotropic values used in  Equation ( 4 ) calculation.  The reasonably good agreement 
was preseved. 
After substituting a range of hypothetical isotropic values of E and  , it was shown that 
Equation ( 4 ) with its assumed uniform material set as the substrate modulus, 
consistantly over estimated the more realistic FE mixed material model, with a stiffer 
beam than substrate.  To account for this effect, a what if command was used in excel to 
determine an effective modulus for input into Equation ( 4 ).  This work is described in 
detail below. 
To determine proportionate error in using the substrate through thickness modulus in 
Equation ( 4 ) for a system of mixed materials, rotation in a sample with FR4 composite 
substrate was calculated using Equation ( 4 ) with the proposed through thickness 
Young's modulus, Ey, of 3000MPa (approximately equivalent to the modulus of Epoxy 
Resin).  This calculated rotation showed reasonably good agreement when compared to 
a corresponding FE model using the suggested orthotropic material properties.  
To further isolate the effect of mixed materials in the system in the same FE model the 
the beam modulus was kept constant as 45,950MPa, as shown in Table 4 to represent 
the solder material, and a  range of isotropic substrate modulus values were substituted 
as shown in Figure 47.  As expected the resonsbly good agreement was preseved, when 
comparing ( 4 ) calculations to corresponding FE modells of a solder joint, with 
substrate using the proposed FR4 isotropic properties, see Figure 47.  Although, the 
FEA, using the mixed materials system, consistantly predicted higher rotations than 
Equation ( 4 ) that assumes a uniform material across beam and substrate. 
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Figure 47: A hypothetical range of isotropic substrate modulus values versus 
corresponding rotation, calculated analytically and then seperately using FEA 
Equation ( 4 ) only predicts beam rotation and assumes a uniform material.  To simulate 
what would be the effective system of using E = 3000MPa in Equation ( 4 ), i.e. a 
system of uniform material of modulus E = 3000MPa with several components of 
deformation under shear,  this value was input (for beam and substrate) into an FE 
model of a single FR4/solder joint based on the 4 ball sample design.  The model beam 
is of diameter 0.75mm and height 0.6mm, with two substrates of XYZ dimensions 1.6, 
2.5, 0.75mm (uniform thickness over system).  Coordinate system as per Figure 31.  1N 
lateral load is applied to the top surface which is constrained to move as one in the X 
direction.  When compared to more realistic materials, see Table 12, the low modulus 
uniform material model showed overall sample deflection increased by factor of 2, 
increased solder shear and bending by a factor of 10, and a slight increase in rotation.  
Where, shear and bending in solder is total solder displacement extracted from FE, less 
displacement due to rotation and less displacement in substrate.  The Poisson's ratios 
used in the FE models were 0.22, 0.4 respectively for materials E=3000MPa and 
E=45950MPa. 
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Substrate 
Modulus 
(MPa)/ 
Beam 
Modulus 
(MPa) 
Maximum 
lateral 
displacement 
of whole 
sample (µm) 
Solder lateral 
displacement 
of midline 
top of joint 
(µm) 
Lateral 
displacement 
due to 
rotation (µm) 
Shear in 
substrate 
(µm) 
Solder shear 
and bending 
(µm) 
3000/3000 4.25X10
-3
 3.31X10
-3
 9.64X10
-4
 9.31X10
-4
 1.42X10
-3
 
3000/45950 2.65X10
-3
 1.81X10
-3
 8.82X10
-4
 8.34X10
-4
 8.97X10
-5
 
Table 12: FE calculated constituent displacements for models with different substrate 
and beam modulus values 
 
When a range of material Young's modulus values were substituted in turn, FE 
modelling showed that a relatively higher modulus in the beam compared to the 
substrate reduced predicted rotation when compared to a sample of uniform material of 
the lower modulus e.g. a SAC387 lead-free solder beam and low substrate modulus, E, 
of 3000MPa, compared to a uniform homologous sample of E of 3000MPa. 
The model was run with a number of substrate/beam material combinations (material 
properties equivalent to steel, solder and FR4 through thickness values).  Collating the 
FE data and using a goal seek command in Excel to correlate analytic predictions to FE 
data, appeared to show Equation ( 9 ) could be used describe an effective system 
modulus (for these conditions). 
 Eeffective =(0.930 x Esubstrate)+(0.043 x Ebeam) 
( 9 ) 
 
When predicted rotations made using Equation ( 4 ) with a calculated Eeffective, have 
been compared to FE calculations, the improved agreement has been shown consistent 
within 0.5% for a range of material combinations.  Using this method, a system Eeffective 
of 3329MPa was determined for use in analyses of the Ghaleeh 4 ball sample [2015].  
 139 
 
Preliminary FEA showed, for the Ghaleeh sample material/geometry, the mixed 
materials effect could be considered small when compared to other quantified/identified 
errors. 
The solution proposed requires further verification and suitable validation.  Repeating 
this for cantilever model showed different proportionate effects on shear, bending, and 
rotation.  For use with other materials/geometries/boundary conditions further FE data 
would be needed to be generated.  Poisson's ratio also has an effect and this should be 
considered in a future study.  On consideration of the limited effect of this phenomenon 
on the current work, it was decided, beyond what is reported here, not to further 
investigate this effect. 
4.3.7 Effect of substrate stiffness on beam deformation 
Calculated solder shear and bending based on the average dimentions of the Ghaleeh 
sample, using Equation ( 2 ) and Equation ( 3 ), and FEA, have been shown in Figure 
48.  Analytical shear and bending calculations assume a fixed foundation.  Also shown 
in Figure 48 are the FE calculated predicted rotations for an the same solder column 
geometry attached to an elastic foundation, the substrate, of isotropic modulus varied as 
shown.  
As the substrate modulus is reduced and rotation is present, FE calculated solder 
deflection due to shear and bending is reduced when compared to hand calculations.  A 
9% reduction was observed when comparing the FR4 substrate model of the Ghaleeh 
sample [2015] to an equivalent model of with no substrate.  A modification to the 
simple analysis suggested may be considered before use as a predictive tool. 
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Figure 48: Defection due to shear and bending of the idealised FE (based on Ghaleeh 
average dimentions), verses correponding substrate modulus 
 
4.3.8 Effect of end condition on rotation 
The OD test-piece is a cantilever, whereas BGA sample solder joints examined in the 
current study are built-in at the both ends and allowed to move only in the direction of 
the applied shear load.  Figure 49 left hand side shows the modified O'Donell specimen, 
with substrate modified to saturation of substrate effects and right hand side shows Park 
and Lee BGA with solder material built-in at both ends, as is common in typical BGAs.  
A correction factor should be used to account for the reduced rotation due to the 
clamped end condition, in addition to ensuring that the correct moment is entered 
Equation ( 4 ). 
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Figure 49: Left hand side shows geometry of modified O'Donnell cantilever specimen, 
Right hand side shows to Park and Lee BGA [2005]with solder built-in at both ends 
To determine the required end condition correction factor an FE study, with only 
depth/length (D/L) and end condition varied, was carried out for the OD Scale model.  
Both the 4-ball and the Park-Lee (PL) models shown in Table 13 use a OD Scale model 
geometry but with beam cross sectional area and length equivalent to the original 4-ball 
and Park-Lee sample designs.  These models also differ from the original Ghaleeh, and 
Park and Lee models in that they consider only one substrate with a Y=0 constraint on 
other end. 
So far all correction factors have been for isolated effects, determined using the original 
OD geometry with only one parameter changed.  It was the intention to use the same 
approach for the clamped end condition effect, but FE revealed that the combined effect 
of end condition and length has a greater effect than the product of isolated length and 
clamped end condition correction factors. 
Unlike the other correction factors, the clamped end condition study has also taken 
account of beam length.  Combining these effects in a single correction factor may be 
problematic for the final calculation of total correction factor.  Therefore, as a 
straightforward but crude rectification, before multiplying through by the other 
correction factors (including length correction factor), the C6 correction factors will be 
divided by C2, as shown in Table 14. 
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Beam length 
representative 
of sample 
Beam depth 
D (mm) 
Beam length 
L (mm) 
D/L End 
condition 
Agreement to 
Equation ( 4 ) 
(%) 
OD Original design Original design 0.129 free 100 
OD Original design Original design 0.129 clamped 98.6 
4 ball, 
Ghaleeh 
0.7605 0.6 1.27 clamped  50.3 
PL 0.63268 0.52 1.21 clamped 49.4 
Table 13: Effect of stated end condition 
 
Model C6 C2 Value input to 
calculation for C6 
4 ball, Ghaleeh 0.503 0.886 0.565 
PL 0.494 0.884 0.569 
Table 14: Clamped end condition factor, C6, per design 
 
In this section, to liken the OD model to the clamped solder joint, the extreme surface of 
the OD model cantilever was given a boundary condition to simulate a built-in beam 
with movement only in the plane the boundary.  It was thought that in the real sample. 
rotation would occur at both substrates, and that discretely altering the original OD 
sample with a beam end boundary condition was not representative of a sample with 
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two (elastic) substrates.  A combined effect of second substrate and boundary condition 
was required.  This is out with the study objective to isolate discrete effects towards 
general application of Equation ( 4 ),and will not be included in the final calculation. 
However for interest, it was decided to use FE to directly fit the effect.  This gave a 
different correction factor of 0.792.  This new correction factor reduced agreement to 
PL rotation FE, by about 25%, and improved agreement to FE 4 ball to about 3%.  It is 
recommended that a future study investigates this combined effect. 
 
4.4 Application of correction factors to O'Donnell equation for use with BGAs  
The analytical method described in sections 4.1, 4.2, and 4.3 is designed to determine 
the components of BGA displacement i.e. shear and bending of the solder, shear of the 
composite and boundary rotation.  It is designed to account for a range of design 
parameters.   
To show the effectiveness of the suggested method, in this section the analytical method 
is applied to the published designs of Park and Lee [2005], and Ghaleeh [2015].  The 
hand calculated components of displacement are then compared to corresponding FEA 
and published measurements. 
The full calculations of shear and bending of the solder, shear of the composite and 
boundary rotations are given in Error! Reference source not found..   
To apply the O'Donnell boundary rotation calculation to different designs, first the 
design specific correction factors must be calculated.  The unique (non-material) 
correction factors for the Park-Lee and Ghaleeh samples are determined in Error! 
Reference source not found. and shown in Table 15, where it can be seen that pitch 
size and the clamped end effect have the dominant effects on rotations and therefore 
correction factor. 
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The correction factors shown are specific to the samples under consideration, but 
correction factors may be derived for a range of geometries using the proposed set of 
parametric equations. 
Correction 
factor label 
Description Park-Lee sample 
design correction 
factor 
Ghaleeh 
sample design 
correction 
factor 
   
 
Beam shape :  circular cross-
section combined with very 
low   value  
1.083 1.083 
   Beam length 0.884 0.886 
   
Substrate x-dimension  
(through-thickness) 
0.916 0.982 
   Substrate y-dimension (pitch) 1.623 1.042 
   Substrate z-dimension (pitch) 0.734 0.749 
   Clamped other end condition 0.569 0.565 
        0.594 0.416 
Table 15: Example correction factors for samples studied in Chapter 3 
 
For the calculation of correction factors, precise values have been used.  Where as it is 
the norm to report values to three significant figures, in this case (the product of 
multiplying very large number by very small numbers) numerical rounding leads to 
significant deviation in results.  This is particularly important in the calculations to 
determine very small solder deformations (5%) from much larger whole sample 
deformations. 
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4.4.1 Parametric shear equation compared to FEA and measurement: Park and Lee 
sample 
For a single connection from the Park-Lee sample, the behaviour of each material was 
considered here under 1N shear load, and the parametric equation has been compared to 
FEA of an 'idealised' linear FE model that approximates the solder as a cylinder of 
diameter 0.672mm (average diameter of the original Park and Lee solder ball), between 
two orthotropic FR4 substrates of section 1.27 × 1.27mm (equivalent of the original 
Park and Lee design pitch size) and original through-thickness dimension, with 
copper/tin pads intentionally omitted. 
Analytical calculations are based on the parameterised and simplified components due 
to; bending and shear in the solder (δb,s and δshear,s respectively), rotation of the solder 
with respect to the FR4 (δrot) and shear in the FR4 (δshear,FR4), as summarised in the 
correction factors given in Table 15.  Table 16 compares the lateral displacement per 
unit lateral force obtained from the FE model with analytical predictions.  For 
comparison with the analytical calculation, 'idealised' FE displacements have been 
extracted from the sample top surface, on the beam centreline. 
 Displacement under a 1N (µm) 
 Shear in 
solder 
Bending 
in solder 
Shear and 
bending in 
solder 
Rotation FR4 
shear 
Total 
Analytical 
Parametric 
0.08934 0.02547 0.1148 0.8900 1.4504 2.455 
FE  Not 
available 
Not 
available 
0.0974 0.9164 1.4542 2.468 
% difference   18 -2.9 -0.3 -0.5 
Table 16: Comparison of idealised linear FE with parameteric equations for a single 
Park-Lee connection 
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As can be seen, the total displacements from the two methods agree to within 1%, and 
both methods show that the shear and bending deformation in the solder is a small 
contribution to the total. 
A full description of the analytical calculation of rotation is shown in Error! Reference 
source not found..  When comparing the hand calculations to the idealised FE most of 
the constituent deflections are in agreement to within 3% or less, with the exception of 
the solder shear and bending deformation, which differs by almost 18%.  The 
explanation for this is discussed in Section 4.3.7. 
4.4.2 Parametric shear equation compared to FEA and measurement: Ghaleeh 
sample 
As for the Park and Lee sample, the parametric equation was used to predict the 
constituent displacements for the Ghaleeh specimen, and these are compared to 
calculations from an 'idealised' linear FE model of a single joint of solder height equal 
to original sample design, and diameter equal to the average of the original design 
(copper and tin components both omitted).  The substrate dimensions are equal to the 
pitch size and through thickness depth of the original sample.  Table 17 shows the 
results.  Again, both analytical and FE calculations show the shear and bending 
deformation in the solder is a small contribution to the total sample displacement, and 
agree on total sample displacement to about 7%.  For comparison to the analytical 
prediction, the 'idealised' linear results have been extracted from the top of the 
centreline of the single joint model.  Percentage difference shown is with respect to the 
FE calculation.  Again, for the smallest component of displacement, solder shear and 
bending deformation, analytical solution significantly over predicts the value. 
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 Displacement under 1N load (µm) 
 Displacement 
due to shear 
and bending 
of the solder 
Displacement 
due to 
Rotation 
Total Solder Displacement 
due to FR4 
substrate 
shear 
Total linear 
deflection  
Hand 
Calculation 
0.108 0.593 0.701 1.479 2.180 
Idealised FE 0.083 0.807
 
0.891 1.448 2.339 
Difference % 30.1 -26.5 -21.3 2.1 -6.8 
Table 17: Hand calculations and idealised FE calculations for the 4-ball sample 
 
For direct comparison to the analytical calculations, FE calculated shear deflections are 
extracted from the top of the centre line of individual joints.  This is not the equivalent 
of global measurements taken at whole sample extremes.  The idealised FE model 
calculated a global sample deflection of 2.354 µm under 1N load. 
 
4.5 Array effect 
The preceding sections have investigated the influence of substrate material, loading 
direction and pitch size on deformation of a discrete solder joint.  In reality BGA 
packages consist of an array of tens or hundreds of joints, in an irregular pattern. 
The effect of solder ball array is further investigated here, first using the 4-ball, Ghaleeh 
sample where there is no excess substrate overhang, i.e. the sample substrate extreme 
dimensions are equal to pitch size times number of balls in each direction.  Followed by 
the Park and Lee sample where top and bottom substrates are of different sizes and both 
substrates give the outer rows of solder balls considerable overhang.  For these analyses 
the 'idealised' FE models described in 4.4.1 and 4.4.2 have been used. 
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4.5.1 Regular array effect 
The Ghaleeh 4 ball sample is a design of uniform array without overhang larger than 
pitch, see Figure 23.  To simulate the array (with additional balls in series), appropriate 
antisymmetry commands were placed on the Idealised FE model described in section 
4.4.2.  The calculated displacement is shown in Table 18, and compared to the Idealised 
FE (single joint) calculated values from Table 17.  The data shows a negligible 
reduction in total deflection of  0.5%, solder rotation (-0.6%) and substrate deflection (-
1.7%).  At the same time there was a 23% increase in solder shear and bending, possibly 
due to the changed boundary conditions due to the addition of FR4 volume and 
contemporaneous reduction in FR4 deformation.  Difference (%) shown is with respect 
to the idealised joint. 
 Displacement under 1N load (µm) 
 shear and 
bending 
Rotation Total Solder FR4 substrate Total linear 
displacement 
at top of joint 
centreline 
Idealised FE 
(single joint) 
0.083 0.807
 
0.891 1.448 2.339 
Idealised FE 
linear array 
0.102 0.802
 
0.904 1.424 2.328 
Difference in 
FE methods 
% 
+23 -0.6 +1.5 -1.7 -0.5 
Table 18:  FE calculated constituent displacements for single joints and joints within an 
array, based on 4-ball sample geometry 
 
Table 19 shows measurement made by Ghaleeh [2015], the values was extracted from 
original raw data provided in a personal correspondence with Ghaleeh.  This is shown 
alongside predictions from a detailed non-linear FE model (one quarter of the original 
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design with appropriate symmetry boundary conditions), and predictions from the 
idealised FE linear array model, and the corresponding linear analytical calculation 
using the parameterised model for a single joint.  An applied whole sample load of 
11.55N was chosen for this comparison as it is assumed, from measurements, to be 
close to the highest load/deflection that is capable of inducing a linear response, Figure 
24. 
 Displacement under 11.55N global load (µm) 
 Solder, 
shear and 
bending 
Solder 
Rotation 
Total 
Solder 
Total 
Copper 
Total 
Tin 
FR4 
substrate 
global 
Measured -- -- -- -- -- -- 6.82 
'Full' FE, 
non-linear 
0.253 2.720 2.973 0.237 0.094 3.474 6.83 
Idealised 
FE linear 
array 
0.294 2.316
 
2.610 -- -- 4.112 6.72 
Parametric 
calculation 
0.312 1.712
 
2.024 --
 
-- 4.271
 
6.30 
Table 19:  Predictions from a non linear model of the 4 ball sample, and measurements 
 
Both FE models show excellent agreement to the global displacement measurement (to 
about 1%).  Comparing the analytical solution to the measurement, the agreement is 
reduced (about 8%), it should be noted however that this is not a 'like for like' 
comparison as the single joint calculation is assumed to be on the solder joint centre 
line, and the full sample global deflection (measurement and calculation) is extracted at 
the sample extremes.  It does however better than confirm that for all three analyses, 
linear and non-linear, global calculations are in the correct order of magnitude. 
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All three models show that the majority of the measured deflection is shear in the 
composite and whole joint displacement due to interface rotation. 
As previously described in section 4.3.7, the FE models show a reduction of solder 
deformation corresponding to the presence of rotation.  Both linear idealised models 
would underestimate global deflections, it is presumed this is partly due to the absence 
of metallic finish and Cu land. 
The measured data was taken at a global load of 11.55N (equivalent to 2.8875N per 
ball).  Linear FE predictions and analytical calculations shown in Table 19 have been 
suitably scaled up from values in Table 17 and Figure 18, for a scale contrast to the 
global measurement taken under 11.55N.  All linear and non-linear FE model boundary 
conditions are as stated in their descriptions and are without the adhesive used in 4 ball 
sample measurements.  The values shown in Table 19 for the 'full' non-linear FE model 
deflections were extracted at 11.5N.  In experiments, the global sample response to the 
applied load of 11.55N was assumed to be linear, see Figure 24, apart from the localised 
copper plasticity which may be ignored.  For comparison with global measurements, FE 
displacement shown has been extracted at the maximum value (not sum of constituents). 
The agreement shown may be a slight 'red herring', given the number of assumptions 
made in the modelling, however the comparative agreement of all analytical methods to 
measurements gives credence to the comparative values of the constitutive deflections. 
4.5.2 Substrate overhang effect 
The Park-Lee sample has a substrate overhang larger than pitch size, see Figure 6.  It is 
reasonable to expect that this will significantly influence solder deformations, in light of 
the work discussed in 4.3.4 on pitch size.  Figure 14 shows excellent agreement between 
the non-linear FE model of the full Park-Lee 9-ball BGA sample geometry and the 
measurement.  Where measurements were extracted manually from a published plot, 
Park and Lee [2005], that was subsequently enlarged.   
Table 16 shows agreement to within 1% for lateral displacements calculated for a 
discrete single Park-Lee solder joint, approximated as a solder column bounded at both 
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ends with FR4 composite substrate, see Figure 13 left hand side.  Where the FR4 in-
plane dimensions are equal to the original sample pitch size. 
Table 20 shows measured global sample displacement under about 20N shear force 
compared with values calculated using the suggested parametric equation, linear FEA of 
the corresponding 'idealised' geometry model, and 'full' non-linear FEA of the original 
sample geometry.  This time a sample shear load of 20N was selected for the 
comparison, as this is expected to initiate a linear response from the assembly see 
Figure 10 and is a similar load per ball as used in the previous analysis, section 4.5.1.  
This equates to approximatly 2.22N per ball. 
   Global displacement 
under 20N global 
load (µm) 
Measurement 3.70 
'Full' non-linear FE,  
geoemtry shown in Figure 6 
3.84 
FE 'idealised' FE single joint,  
geometry shown in Figure 13 and substrate area equal to pitch size in 
original design 
5.48 
Parametric calculation for a single joint, geometry shown in Figure 13 
and substrate area equal to pitch size in original design 
5.46 
Table 20: Calculations based on the Park-Lee sample with measurements 
 
Excellent agreement is shown between the measurement and 'full' nonlinear FE 
prediction, but both linear single joint models considerably over estimate the global 
displacement.  Showing that the effect of a substrate overhang, in excess of pitch size, 
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results in different global sample displacement than for an interconnect contained within 
the regular array of interconnects. 
The 'full' nonlinear FE prediction was extracted from a detailed model of one half of the 
full 9 ball sample with appropriate symmetry and boundary conditions applied, as 
described in Chapter 3.  The linear FE calculation and the analytical calculation are both 
are both for a single joint, calculated values shown in Table 16, and have been scaled to 
2.22N per ball.  The comparison with sample global deflections, measured and non-
linear FE, and relative displacement of the top and bottom of the single joint centre line, 
FE 'idealised' FE single joint and parametric equation, is not a like for like comparison, 
but the comparison does show that excess substrate overhang has a large effect on 
measured displacement and currently the simple parametric solution cannot account for 
this design type. 
 
4.6 Discussion on the parametric equation 
Having used numerical FE modelling to identify the constituents of shear displacement 
in BGA designs, the overall aim of this chapter was to determine to what extent the 
discrete constituents could be quantified using simple basic mechanics.  Finding an 
analytical solution for this is complex and has not been found in the literature.  The 
potential benefits of such a parametric analytical solution are threefold; to provide a 
sensible verification of FEA, it can allow confident interpretation of published empirical 
fatigue-life data, and a sensible framework for a simple BGA design tool.   
The proposed method quantifies the shear deformation in the orthotropic composite 
material, rotation of the solder material within the elastic composite and finally shear 
and bending in the solder material.  The following technical discussion considers the 
success of each part of the solution in relative order of contribution to the total 
deformation of a BGA under shear. 
To be clear, the analytical parametric solution proposed predicts the behaviour of a 
single solder ball (approximated as a cylinder).  The Idealised linear FE provides 
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verification to the suggested simple parametric analytical approximations.  The 
Idealised linear FE has been verified by the detailed, non-linear FE modelling of the 
Ghalleh [2015] sample which, in turn, gives good agreement to physical measurements 
for all of the designs considered, providing validation of the method. 
4.6.1 Shear deformation of the composite substrate  
Using the proposed orthotropic properties, FEA showed that shear deformation in the 
FR4 composite is the largest contributor to BGA displacement in both the Park and Lee, 
and the Ghaleeh BGA specimens under shear, see Table 18 and Table 19.  FEA also 
revealed a highly complex stress distribution within the orthotropic substrate above the 
solder joint, see Figure 26.  In practice, the woven glass fibre composite is 
heterogeneous, the individual laminae being around 0.05mm thick, so the distribution 
will be even more complex.  The Abaqus FE software is capable of modelling the 
laminate structure in detail but as FE calculations, using the proposed FR4 orthotropic 
material properties, have shown good agreement with whole sample measurements in 
Chapter 3, and the focus of interest here is in the solder, it was not felt to be necessary 
to have a more sophisticated model of the FR4. 
Agreement to FE is shown to be about 2% for both designs.  It should be remembered 
that, in section 4.2, the analytical formula for smoothing the complex shear deformation 
in the FR4 was fitted to the PL FE data.  Full verification the analytical solution would 
require access to other designs, with corresponding empirical data for modelling 
validation. 
The shear calculation correction factor is based on the solder/substrate interface area.  It 
appears to work well in its current form but if further refinement of the calculation is 
required, it should be straightforward to refine the calculation using a volume 
calculation to account for substrates of different thickness. 
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4.6.2 Boundary rotation of the solder joint interface 
The original contribution described here is the suggested use of Equation ( 4 ), 
O'Donnell [1960], with suitably determined correction factors, to quantify the 
previously unreported boundary rotations.  O'Donnell's data was obtained from his own 
unique test-piece design with a single beam.  To provide verification of the original 
solution, a finite element model of the exact material configuration and dimensions 
modelled by O’Donnell, was run and found to give excellent agreement with the 
equation. 
Section 4.3 describes the procedures developed during the current work, to determine 
the correction factors required to extend the use of Equation ( 4 ) for suitable use with 
solder joint samples.  A total of six non-material effects have been identified and 
investigated.  Based on this, a comprehensive parametric study was carried out, 
considering beam cross sectional shape, beam and support dimensions, and boundary 
conditions on the support and at the other end of the beam.  FEA was compared with 
rotations calculated from the equation to devise a series of six correction factors. 
Investigating beam shape showed that, for the purpose of input into Equation ( 4 ), 
keeping the value of  constant and transposing the true solder material shape to a 
geometry of the O'Donnell design (rectangle of width equal to 0.75depth) improved 
agreement between analytical calculation and FE.  Though, in beams of very low I 
values (typical of approximated BGA solder joints) FEA has been shown to rapidly 
diverge from agreement to Equation ( 4 ) and an additional correction is required 
(Correction factor 1).  Beam length (Correction factor 2) has been shown to affect the 
severity of rotation and agreement of FE to Equation ( 4 ) calculations, and from the 
study it is clear that even short beams rotate under shear where the support material is 
not rigid.  Shape and size of substrate in X, Y, and Z direction, proportionate to beam 
volume, each have an effect on boundary rotation and subsequent agreement to 
Equation ( 4 ) (Correction factors 3, 4, and 5).  Finally the other end condition (for 
example free or clamped) has been shown to affect agreement (Correction factor 6). 
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The O'Donnell specimen consists of a uniform material and so, to account for the effect 
of mixed materials in a BGA, an effective system modulus has been suggested.  The 
effect on rotation of a system of mixed substrate/beam materials, in this case, was 
shown to be small but not insignificant and further study is recommended to describe 
this effect in other solder joint designs under shear, discretely and in combination with 
other effects particularly with multiple load conditions. 
Use of these procedures, and correction factors, has been made to determine the 
rotations for single solder connections of the Park-Lee and Ghaleeh designs.  For other 
designs with different end conditions, load direction, geometries and/or materials, 
different to the problem in hand different correction factors would be need to be 
generated.  The proposed equations can be used for this. 
The proposed analytical approximation is considered sufficient for the current purpose 
of verifying the current FE calculations.  The rotation correction factors suggested are 
qualitative, they not intended to be exhaustive and further refinement is recommended.  
The correction factors could be refined by incorporating more FE data, however use of 
beam theory, to predict the behaviour of such complex 3D problems, will always have a 
limited accuracy.  Also, given the current resolution of physical measurements, 
empirical validation of further modelling refinement would be a challenge. 
Preliminary work showed rotation effects such as substrate shape and end condition (of 
other end) have a disproportionately greater effect on short beams (particularly beams of 
Length to depth ratios of less than one).  Therefore in future the length effect could be 
combined within each of the discrete effects, substrate shape and other end, and not be 
shown separately in the final equation.  Length should still be reflected in the moment 
entered into calculations.  Isolating the individual effects on rotation is somewhat 
artificial, however it has served to identify and describe these effects towards 
quantifying BGA rotations.  A future study may further investigate the combined length 
effect with other effects. 
Figure 47 shows analytical rotation calculations against FE predictions (entering beam 
diameter, as both width and depth, into O'Donnell's solution), with respect to substrate 
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modulus.  The disagreement appears to be large but consistent over a range of substrate 
moduli.  Future studies may weigh the improved results of using the proposed method 
against use of the original equation, in conjunction with appropriate FE, assuming a 
large but consistent error could be determined for each design/test set up.  It should be 
noted that Figure 47 is a ln-ln plot and the error varies from 22 to 28%. 
This study of rotation considers a model of only one substrate with a command for the 
other end of the beam to act as one in the Y-plane.  In reality rotation would occur at 
both sample beam/substrate interfaces.  In loading and rotation of a short wide beam, 
Sant-Venant's principle may need to be considered. 
4.6.3 Solder deformation 
Classical mechanics theory of shear and bending were used to quantify the solder 
deformation.  These calculated values are much smaller than measured BGA specimen 
shear displacements.  Both beam theory and FEA showed that the proportion of the total 
sample deformation that is solder deformation is very small (less than 5 %, as shown in 
Table 16 and Table 17) and is highly sensitive to whole sample design. 
When comparing the proposed parametric solution to FEA, a large percentage error is in 
the cylinder of solder (the simplest element of the model), see Table 16, Table 17, and 
Table 19.  This is expected because classical analytical calculations of shear and 
bending consider discrete beam material rigidly clamped at both ends, and there is far 
better agreement with FE calculations for such an arrangement.  Similarly Bending 
solutions are intended for limited use with a minimum depth to length ratio (although as 
before with a fixed boundary the errors are small).  FEA showed for models without 
rotation we expect the agreement in shear and bending of a short beam to be within 5%. 
The work revealed that solder shear and bending is reduced where the substrate 
modulus is low and rotation is present, see Figure 48.  In the case in hand, where the 
composite substrate through thickness modulus, used with Equation ( 4 ) is around 
3000MPa (proposed value of FR4 through thickness Young's modulus), this 
overestimate of solder deformation has been shown to be around 9% by comparison to 
the idealised linear FE using the proposed orthotropic FR4 properties. 
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Moreover, when an FE model of uniform array is compared to a single joint model, the 
relative proportion of displacement due to solder deformation is increased (but is still 
very small compared to total sample deflection) and deformation of the FR4 composite 
reduced, see Table 18, this must be the restraint associated with increased substrate area.  
These linear model findings are consistent with the 'Full' non-linear FE results shown in 
Table 19. 
In the current simple strength of materials solution, beam shape has been simplified.  To 
capture the true stress distribution within a beam of changing cross-section would 
require a sophisticated elasticity solution.  Given the range of possible solder profiles, 
even within a single BGA component, this hugely time consuming approach would 
likely be impractical. 
4.6.4 Comparing analytical calculations to FEA and measurements 
Detailed non-linear FEA has shown very good agreement with measurements for the 
Park and Lee, and Ghaleeh BGA specimens under shear.  The proposed analytical 
constitutive solution is intended to proportionately describe each of the mechanical 
phenomenon occurring within a single idealised solder joint.  In a like for like 
comparison, the analytical calculations correlate well with specimen shear deflections 
extracted from single joint linear FE models (extracted at top of centreline of joint) for 
several quite different sample designs (Park-Lee and Ghaleeh, shown here, and Pang 
amd Xiong [2005] shown in Annex C).  Agreement between analytical calculation and 
linear FE; is shown in 4.6.3. 
FE has shown that, where rotation is present, the classical analytical calculation over 
predicts the solder deformation (by almost 25% in the Ghaleeh specimen, when 
compared to non-linear FEA, Table 17).  The predicted deflection due to rotation also 
shows some disagreement, and it is thought the agreement could be improved through 
additional refinement of the rotation correction factors (this could be achieved by 
increasing FE data points).  Although, as the hand calculation is a simplified attempt to 
isolate each of the identified discrete rotation parameter effects, where as the true effect 
of this large number of parameterised effects is co-dependent on each of the other 
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parameters, possibly too complex for a simple hand calculation to be determined.  
However, as in the Park and Lee, and Ghaleeh sample analyses have shown, the amount 
of constituent deflections predicted using the proposed analytical method and the linear 
idealised single joint FEA are in relative agreement. 
Future recommendations have been made here to refine the proposed solution, however 
the problematic use of classical theory (beam theory etc) to describe other mechanical 
constituent behaviours and the numerical errors intrinsic to the product of a large 
number of factors of very small value, limits the accuracy of any refined solution. 
Global sample deflection values are of course different from discrete joint centre line 
deflections.  The effect of inclusion in a regular array was studied and when compared 
to calculations for a single beam, negligible effect was shown on total combined 
deflections.  The Ghaleeh sample, of regular array, showed good agreement between 
parametric analytical calculations, measurements, and FE predictions (both idealised-
linear and detailed non-linear, Table 19).  Validating the methodology for this regular 
array.  However closer inspection showed this agreement to be a combination of a small 
reduction in the FR4 shear and boundary rotations, negated by a (proportionally larger) 
deformation of the solder material, again see Table 19.  This is assumed to be due to the 
increased substrate area and corresponding increase in restraint. 
For the Park-Lee whole sample, with substrates of different sizes, a different mechanical 
response was shown when comparing single joint linear calculations to the equivalent 
non-linear FEA and measurements, see Table 20.  Preliminary FE modelling (not 
reported here) showed inclusion in an irregular array had a greater effect, prohibiting the 
application of the analytical solution proposed here.  Another correction factor is needed 
to account for the array effect, but this is more complicated and may not be described 
with a simple analytical calculation. 
As a first attempt to quantify the rotation, each of the discrete rotation effects were 
initially considered in isolation.  FEA showed the severity of combined rotation effects 
is more complex than a straight forward accumulation.  A future study could investigate 
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an expanded combined FE-analytical parametric 'trend fit' correction factor formulae 
with respect to substrate volume, for example a combined length and shape or I effect. 
The work has been compared to empirical data, as is expected in validation of any 
analytical or numerical modelling.  Access to raw measurement data for the 4-ball 
Ghaleeh sample showed force-displacement measurements were not smooth curves 
(displacement measurements fluctuate at each load point), and measurements varied 
from sample to sample.  For example, under 4 N load per sample, measured whole 
displacement was between 2 and 2.4µm.  From personal experience and personal 
correspondence with experimentalists, this is not an uncommon problem and 
publications often report measurements in terms of an average value.  Without access to 
original raw measurements and all test parameter details, where the range of scatter 
within results is unknown, it may not be possible to determine the accuracy of any 
validation provided to FEA. 
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Chapter 5 Discussion and Conclusions 
 
The work has contributed towards the requirement, identified from the literature, for a 
better understanding of the components of deflection in a BGA test-piece.  To this end 
methods of determining, and the effect of using, correct mechanical properties in solder 
joint analysis have been investigated.  A simple analytical solution, based on classical 
mechanics theory, has been proposed to approximate the various components of 
deformation for a range of BGA sample designs under shear.  A detailed technical 
discussion is presented in Chapter 3, Chapter 4 and Error! Reference source not 
found., respectively, for each of the three technical areas investigated; Selection of 
appropriate mechanical properties for a simple FE model, Parameterisation of the 
components of shear, and modelling of time dependent behaviour.  The following 
discussion considers the impact of the work, with respect to current knowledge on 
material characterisation, analysis of solder joint structures, and advice for design.  A 
summary of the main conclusions, contributions to the current state of the knowledge on 
BGA behaviour, and recommendations for future work are also given. 
 
5.1 Material Characterisation 
For many of the materials commonly used in micro-electronic assemblies (component, 
solder, substrate) constitutive behaviour with strain rate, temperature and time is not 
fully quantified.  Other authors have measured the mechanical behaviour of unique 
BGA assemblies and unique bulk solder sample designs under different load ranges and 
conditions (monotonic, creep, fatigue, tensile, compressive, shear and bending).  This 
has led to a disappointingly wide range of reported material properties and behaviour 
equation parameters that is problematic to correlate.  This section of the discussion is 
intended to compare conventions in mechanical testing with current attempts to 
characterise solder material. 
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5.1.1 Mechanical testing of bulk solder 
Material property values are generally considered to be universally applicable but, as 
discussed in Chapter 2, this is where the bulk material has been characterised according 
to a recognised standard.  It is of great concern that there are no commonly adhered to 
solder mechanical characterisation test standards for bulk solder material or solder joint 
assemblies such as BGAs.  Although the current measurement work fell into the 
expected range, see Error! Reference source not found., it did not advance this area of 
the knowledge. 
5.1.2 Mechanical testing of BGAs 
It is of equal concern that BGAs and other solder joint assemblies are used to 
characterise solder properties.  Consider the case in hand where the solder deformation 
was found to be about 5% of measured sample deformation, for different sample 
designs.  This shows that without a better understanding of the components of 
deformation, BGA specimens should not be used for solder material characterisation. 
It is clear that some BGA structural design tests will be needed to simulate solder joint 
behaviour under specified load conditions, given the widely different response of the 
bulk solder material and a solder joint assembly.  It is not uncommon in any industry 
sector to conduct design behaviour tests.  These are useful but the purpose and meaning 
is limited to the design and load conditions used in the evaluation. 
For example, although BGA fatigue life is assumed to correlate to plastic strain in the 
solder, many workers have correlated a force and overall deflection of solder joint 
specimens to obtain fatigue-life data, Kim et al. [2013], Xu et al. [2012], Park and Lee 
[2005], Darveaux [2005], Andersson et al. [2005], Pang et al. [2003]. 
Loads and deflections can be correlated to local stress-strain behaviour but this requires 
assumptions about internal behaviours of complex specimens, and this method is known 
to be limited to the specific structure under similar load ranges, Darveaux and Banerji 
[1991], Xie and Wang [1998], Lee et al. [2000] and Lau et al. [2014], as discussed in 
section 2.2.4.  It is difficult to directly measure the solder deformation, and no previous 
 163 
 
attempt to analytically isolate or quantify each of the discrete components of total BGA 
sample deformation could be found in the literature. 
The current FE modelling showed that the relative amount of solder deformation is 
design sensitive.  The global sample measurements do not reflect this, which is a 
concern for correlating similar tests designed to characterise a joint assembly fatigue life 
based on assumed solder deformation.  For these tests, before utilising the data, the 
components of deformation in the solder and other assembled materials should be 
quantified using a similar approach to the one suggested here. 
5.1.3 Characterisation of the composites used in microelectronic assemblies 
If solder has proved difficult to quantify, then the composites provide their own 
challenge and this is reflected in the data.  In structural applications, composites make 
use of specific properties such as high stiffness and strength in fibre direction, which is 
well documented with many examples from aerospace, e.g. Airbus A350 XWB, and 
Formula 1 racing.  In contrast the work has shown that critical composite properties in 
BGA behaviour are secondary properties which are not seriously measured, except in 
exceptional circumstances. 
There are no published standards for characterising through thickness composite 
properties, however FE numerical modelling has been shown here to be a useful 
research tool in determining these difficult to measure properties, though comparison 
with empirical data. 
Commercial PCB designs tend to be more complex than the plain FR4 substrates 
considered here, and characterising these materials may not be as straightforward.  The 
lay-ups of these boards may be un-symmetrical and consist of several highly dissimilar 
materials, including large quantities of copper in non-continuous arrangements.  The 
boards may also contain non-uniform arrays of perforations of various dimensions.  
Considering the relative size of the solder joint and the PCB, it is likely that the position 
of the fibre weave and corresponding resin rich areas will be significant.  In the 
development of future mechanical characterisation standards careful consideration is 
needed to suitably capture the overall response of these boards in three directions, and 
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to determine if the resolution of available mechanical tests can usefully account for 
localised variations in these boards. 
 
5.2 Implications of the work on predicting BGA behaviour 
The following section discusses the effect of using the derived FR4 material properties 
in the FE modelling, and in the light of the current work with respect to published 
analyses, considers guidelines for good practice in BGA modelling. 
Any prediction (or measurement) of initial elastic behaviour under mono-tonic loading 
is unlikely to be representative of long-term behaviour of solder joints.  Just as in 
modelling of the time independent behaviour, the literature has reported difficulty in 
correlating creep data from one source to another.  Error! Reference source not 
found. suggests a sensible methodology for solder creep modelling, and the 
implications for this are also discussed here. 
5.2.1 Implications of the work for time independent modelling 
Inputting the proposed orthotropic FR4 properties in the FE modelling not only gives 
good agreement with measurements but also reveals the deformation of each of the 
discrete materials and a previously unreported rotation of the solder/composite 
interface.  The rotation significantly contributes to the measured deflection. 
Using the proposed orthotropic properties also reveals that the crucial solder deflection 
is much smaller than measured total BGA deflection and is design specific.  Therefore a 
big change in solder deflection between two specimens will result in a small change in 
BGA deflection.  It is likely that such a difference in solder deflection would be 
undetected in specimen measurements. 
The work here shows the extreme effect of using sensible material properties in 
determining constituents of deformation.  The uncertainty in the material data is likely 
to be the biggest challenge to modelling of BGAs.  If these material properties are 
known then the current work has shown that the problem can be modelled. 
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Numerical modelling is an expensive, time consuming approach and, in addition to 
suitable material properties, also relies heavily on the operator's wider knowledge of 
many inter-dependent factors, such as classical mechanics theory, strength of materials, 
and materials science to ensure that the model is appropriate and the results are sensible.  
The current literature offers much advice on possible methodologies for numerical 
analyses of solder joints, however the reports often lack the model detail that would 
allow independent verification.  The source of material properties can be unclear and in 
some cases the material values used can be illogical, when considering the fundamental 
nature of the material in question.  For example the interface rotation shown in the 
current work, is not observed when isotropic properties are used, see Kim et al. [2013], 
but isotropic composite substrate properties are often used in published analyses of 
BGAs.  Without appropriate model detail, substantiated material properties, empirical 
validation and where possible rigorous verification from first principles of strength of 
materials theory, FE calculated data cannot be used by others with confidence. 
5.2.2 Implications of the work for time dependent modelling 
To know where to start modelling time dependent behaviour, first the time independent 
behaviour must be known.  Given the state of time independent material 
characterisation and modelling, reliable creep modelling is difficult.  The constant load 
creep modelling work shown in Error! Reference source not found., again highlights 
the importance of using appropriate material behaviour parameters, and yet, again as in 
time dependent characterisation, there are is plethora of non-standard test piece designs 
and test conditions.  The current state of understanding of published time dependent 
solder behaviour is just as confusing as in the time dependent data.  The work suggests a 
FE based methodology, supported by empirical data, to determine if a particular creep 
law and corresponding parameters are suitable. 
Although most Authors have considered only steady-state creep behaviour, it is 
reasonable to expect under practical service conditions that transient creep and stress 
relaxation would be highly significant.  It is still to be shown that a single steady-state 
creep law could describe the constitutive response of the solder. 
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5.3 Implications of the work on BGA design advice 
Isolating the constitutive behaviour of the solder joint material is a basic requirement of 
Coffin-Manson type fatigue failure predictions, and therefore accurate determination of 
the solder deformation should be critical in the design process.  To describe the relative 
magnitudes of the individual components of deflection, within limits, of a non-design 
specific BGA under shear, an analytical parametric solution is suggested in Chapter 4.  
The following section discusses how such simple basic mechanics solutions can be used 
to inform design advice. 
5.3.1 Meeting current industry requirements for simple design tools 
In practice industry has a need for quick reliable solutions.  These could be provided by 
the methodology used here whereby a relatively simple solution is developed from first 
principles, using strength of materials theory, and supported by FE analysis and 
physical testing.  The FE analysis can be used to provide basic verification and can 
provide a deeper understanding to address issues such as complex geometry, variations 
in material composition and non-linear responses.  Where required, the FE modelling 
can be taken further to model the micro-mechanics such as fibre weave pattern, resin 
rich areas, and variations in microstructure. 
Where possible, input from standardised testing should be incorporated into the 
modelling, e.g. bulk tests to provide material properties and component tests to validate 
the analyses, before committing to full production of expensive systems.  If required the 
modelling can also be used to interpret physical data, particularly where the 
measurement is non-standard, for example it has been shown that the modelling may be 
used to extract sensible material properties from empirical data, provided sufficient data 
from independent tests were available. 
The approach used here to isolate solder deflection could be applied to all common 
solder joint types; BGA, QFN, Gull wing, Plastic balls and S-joint, under different 
loading conditions.  This knowledge could be used to enable correlation from one 
source to another, leading to generally applicable solder fatigue parameters, which 
could be confidently used in design advice.  Improved understanding of legacy 
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empirical data could also reduce the requirement for costly future testing.  If it is shown 
that the accuracy of the solution is less than ideal, the method may still offer a useful 
approximation to compare one design to another.  Given the surprisingly large number 
of micro-electronic design variables, these analytical solutions will prove useful in 
determining which are the variables and/or properties of most influence. 
 
5.4 Conclusions 
The findings of the work are presented here on each of the three technical areas 
investigated, followed by the main conclusions. 
5.4.1 Findings on the influence of material properties to sample behaviour 
FE Modelling of the Park and Lee [2005] 9 ball BGA sample under monotonic loading 
in shear and tension showed that overall sample stiffness is extremely sensitive to the 
elastic properties of the FR4 composite substrate.  In particular the analysis showed that 
the FR4 through thickness Young's modulus, E, and through thickness shear modulus, 
G, dominate the elastic behaviour of the BGA sample.  No previous acknowledgement 
of the significance of shear properties with respect to BGA assemblies could be found. 
Applying this knowledge highlighted the discrete constitutive mechanical phenomena 
which contribute to total sample deformation under loading at different angles, 
including considerable deformation of the composite, and revealed a previously 
unreported rotation of the solder joint at the composite/joint interface. 
It is common for published analyses to use isotropic composite properties and the 
rotation is not present under such conditions, see Kim et al. [2013], and this must, in 
part, account for the absence of solder rotation from BGA shear test publications. 
It was shown that FE software could be used as a research tool to refine the FR4 
through thickness properties, and comparison to Park and Lee's published load-
displacement data, in tension (0°) and shear (90°), allowed appropriate values of E and 
G to be derived by fitting to the empirical data.  These values, shown in Table 7, were 
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corroborated using further Park and Lee test data (45°), and original data from a shear 
test of a different BGA geometry, Ghaleeh [2015].  The intension was to use several 
similar published BGA examples for full validation.  Unfortunately, no further 
examples of FR4 on FR4 specimens could be found with sufficient detail of sample 
design, test procedure and empirical constitutive data.  The suggested values have found 
some agreement to published material properties, Chandran et al. [2000]. 
Current modelling also showed that the calculated stiffness, for each of the designs, was 
not particularly sensitive to the solder modulus value (within bounds of typical 
published values). 
5.4.2 Findings on the parameterisation of the components of shear 
The unified parametric analytical solution suggested here is intended to determine the 
time independent mechanical deformation in a single solder joint assembly, under a 
mechanical shear load.  Within the specified limits, the proposed solution may be 
applied to a range of designs.  Each of the components of the solution have been shown 
to be suitable using one or more of the following methods; classical mechanics theory, 
linear FEA, and empirical measurements. 
Although substrate material is known to influence the constitutive behaviour of BGA 
samples, as previously discussed in section 2.2.4, Darveaux and Banerji [1991], Xie and 
Wang [1998], and Lau et al. [2014], no previous attempt to quantify the relationship 
under mechanical load could be found. 
The proposed parametric analytical solution is capable of quantifying the elastic 
response of each of the identified deformation mechanisms within a BGA joint 
assembly.  The solution has been verified against FE calculations for a range of designs. 
The solution includes calculations for the previously unreported rotation of the solder 
joint and a sensible approximation of the orthotropic composite substrate through 
thickness shear.  Fundamental to the suitability of the solution was use of the validated 
FR4 through thickness properties, E and G, determined in Chapter 3.  Although a lack 
of original measurements has prevented conclusive validation and refinement of the 
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proposed method, when using this simple analytical calculation excellent agreement 
between analytical and FE calculations has been shown, for a range of designs and 
loading arrangement. 
As intended, the analytical solution suitably accounts for a wide range of design 
variables but the analytical solution cannot account for the effect of array design and 
edge effects.  FEA confirmed the sensitivity of solder joint deformation and rotation to 
array design, and/or a substrate overhang larger than pitch.  The effect of joint inclusion 
in a regular array has been shown to be small but not zero.  For effects such as substrate 
overhang larger than pitch size, FE Analysis is still needed. 
To allow a published rotation solution, O'Donnell [1969], to be applied to a wider (but 
still limited) range of designs including BGAs, an exhaustive parametric study was 
conducted to determine a total of six correction factors.  The proposed correction factors 
address discrete geometric variables with respect to joint height, clamped ends, 
substrate thickness, pitch size and approximate cross section shape.  This is to identify 
the proportion of the whole sample deflection attributable to solder rotation. 
FEA has shown where there is elasticity in the supports and solder rotation occurs, there 
is reduced shear and bending deformation of the solder material, compared to a rigidly 
supported beam under shear load.  The classical simple mechanics solutions cannot 
account for this. 
Excellent agreement between analytical and FE calculations has been shown using the 
proposed simple analytical calculation, for a range of designs and loading arrangement, 
however a lack of original measurements has prevented conclusive validation and 
refinement of the solution. 
5.4.3 Findings on the time dependent modelling 
A range of material creep parameters were found in the literature for essentially 
Sn3.8Ag0.7Cu.  In Error! Reference source not found. analytical calculations using a 
number of these parameter sets, showed an equally wide range of calculated strains, this 
corroborated reported difficulty in the general application of empirical creep 
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parameters.  Closer inspection of publications revealed that the accuracy of individual 
creep parameter sets varies even over the original range of test conditions, temperature 
and stress. 
The accuracy of calculations made with any analytical constitutive creep relationship 
has been shown to be highly dependent on the suitability of the associated model 
parameters.  Published empirical parameter sets describe creep strain rates under a 
prescribed range of temperatures and stress.  Currently, to usefully correlate empirical 
creep data, it must be ascertained that measurements are from the same material 
composition and preparation, and test conditions. 
A study was made into the suitability of a number of creep laws for the modelling of 
creep strain in lead free solder, in particular those available in the Abaqus FE software.  
The work here describes bulk solder samples under monotonic load, this is to allow 
comparison with published empirical data.  Good agreement was shown when 
comparing current calculations, from both analytical and FE, with original steady state 
strain rate measurements (using a single steady-state creep law, *CREEP command in 
Abaqus with a hypersine model and published creep parameters determined from the 
corresponding measurements). 
The *CREEP time hardening and strain hardening models' sensitivity to the time order 
parameter, m, was shown, as was the time order parameter's temperature dependence.  
Values of m appear to be interchangeable between the time hardening and strain 
hardening models. 
The two-layer model, recommended by Abaqus for use in creep analysis with 
fluctuating load, requires a number of creep parameters including m and f (a code 
specific non-standard parameter).  No published values for creep parameters m and f 
with respect to Sn3.8Ag0.7Cu or any other unleaded solder material could be found.  
Suitably validated values of two-layer creep model parameters, m and f , have been 
suggested. 
When modelling creep under cyclic load frequencies commonly used in BGA tests, 
basic analytical calculations showed the potential significance of omitting a transient 
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creep term.  None of the creep models commonly used in FE and considered here 
address transient creep (too late for the current work, the inclusion of a transient creep 
model in the Abaqus software has been announced [2014]). 
5.4.4 Main Conclusions 
The current work has achieved the original objective of using FEA to provide a more 
detailed understanding of the response of Sn3.8Ag0.7Cu under specified mechanical 
and thermal mechanical load, for different BGA designs.  FE calculations have been 
validated against global BGA sample measurements. 
A simple, normalised, generally applicable relationship between empirical data of 
overall BGA sample deflection and solder deformation cannot be assumed.  FEA of 
several designs confirmed inherent solder strain sensitivity to sample design. 
Solder deformation accounts for only about 5% of the measured total sample 
displacement in the Park and Lee and Ghaleeh BGA samples, as confirmed by classical 
mechanics theory and FE calculations.  The majority of measured whole sample 
displacement in FR4 on FR4, BGA solder joint samples is contributed by shear 
deformation of the composite and rotation of the solder ball. 
In order to accurately isolate the solder joint strain from measurements, before apply 
any strain based fatigue-life relationship, the work has highlighted the importance of 
correct material properties, and a sound understanding of structural analytical analysis.  
The work also illustrates why measured overall BGA deflections, from different 
designs, cannot be directly correlated. 
 
5.5 Contributions to numerical and analytical modelling of BGA assemblies 
under a mechanical shear and over time. 
This work has led to a better understanding of the whole sample behaviour of FR4 on 
FR4 solder joints.  The main original contributions are; 
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 the identification of rotation at the solder/FR4 interface. 
 the identification of the relatively small contribution of the solder deformation to 
the total sample deformation. 
 the identification that overall BGA sample behaviour is relatively insensitive to 
the solder modulus value, within the bounds of typical published values and for 
all of the sample designs considered. 
 the identification of the significant contribution of shear deformation of the 
composite to the overall deformation. 
 the identification of the significant effect of the composite through thickness 
properties. 
 the development of a simple analytical method to quantify these individual 
components of deformation, for a range of sample design. 
 
5.6 Future work 
It is hoped that the original knowledge reported here will assist in unlocking a legacy of 
confusing empirical data.  The author in her new role will soon have access to a 
specialised mechanical testing laboratory and the intention is to design a rigorous test 
plan to characterise solder joint behaviour, with respect to the effect of specific current 
commercial manufacturing procedures and reliability requirements.  This will be 
supported by numerical modelling and analysis techniques developed throughout the 
PhD. 
It is suggested that the future work widens the investigation, to include ceramic, plastic, 
or other, components on FR4, solder joints and joints of increasingly diverse geometry, 
e.g. non-balled.  It is for future work to determine if the mechanical deformation 
phenomena described here, also occur in commercial micro-electronic assemblies under 
thermal and/or vibration load only. 
 173 
 
Also it is hoped that the work included here, using FEA with the proposed orthotropic 
FR4 properties in determining array boundary influence on solder strain, could be 
applied to an improved understanding of edge effects such as location of critical solder 
joints and localised composite failure (cratering). 
Further refinement of the analytical model might lead to some improvement in 
predictions but there will always be a limit to the accuracy and the range of application 
of a simple strength of materials/statics solution.  The availability of powerful numerical 
analysis allows very sophisticated analysis to be carried out on desktop computers, yet 
commercial manufacturing has a keen demand for simple design tables to readily 
approximate this complex behaviour.  Pragmatic use of detailed mechanical modelling 
supported by relatively simple analysis provides the best route to understanding the 
behaviour of what is a complex mechanical structure under complex loading. 
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